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bstract

The liquid-phase alkylation of benzene with 1-octene was investigated over three USY zeolites with bulk Si/Al ratios of 6, 13 and 30, at
emperatures ranging from 343 K to 373 K, benzene/1-octene feed molar ratios ranging from 1 to 10 and 1-octene conversions between 10% and
9%. 2-, 3- and 4-octene isomers are formed consecutively from double bond isomerization of 1-octene; 2-, 3- and 4-phenyloctanes are obtained
s alkylated products. Catalyst deactivation is less important at 1-octene conversions higher than 90%. Reaction path analysis reveals that on the
resh catalyst double bond isomerization and benzene alkylation occur on comparable time scales necessitating the simultaneous consideration of
ll elementary steps involved in the formation of linear alkylbenzenes. Only 2-octene and 2-phenyloctane are identified as primary products. The
igher initial selectivity to 2-octene as compared to 2-phenyloctane is related to differences in entropy of activation associated with deprotonation

nd alkylation steps. The catalytic activity increases with increasing Si/Al ratio while the selectivities are not affected. The higher rates observed
or the catalyst with the higher average acid strength can be traced back to a decrease in the activation energy for the protonation step leading to
n increased concentration of carbenium ions on the catalyst surface that compensates for the higher activation energies for the deprotonation and
lkylation steps. The constant selectivities are explained by a similar dependency of the different elementary steps on the acid site strength.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Alkylbenzenes are large-scale chemicals obtained by acid
atalyzed alkylation of the aromatic ring. Traditionally, these
ompounds were obtained by Friedel-Crafts reactions using
omogeneous acid catalysts. Even today Friedel-Crafts catalysts
till play an important role in the manufacturing of alkyl-
ubstituted aromatics. Homogeneous catalysts such as AlCl3
nd HF are used extensively in the detergent industry for the
roduction of linear alkylbenzenes (LAB), although they suffer
rom a series of technical and environmental drawbacks. The use
f a solid acid as heterogeneous catalyst offers several advan-
ages and in the last four decades, significant progress has been

ade towards the development of improved industrial alkylation

rocesses. A large number of materials have been tested as cata-
ysts for the alkylation of aromatics. They include homogeneous
atalysts immobilized on solid supports [1,2], silica–aluminas
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3–6], clays [3], heteropolyacids [7,8] and metal oxides [9]. A
pecial class of materials that were found to perform particu-
arly well in alkylation is constituted by zeolites and modified
eolites such us beta [3,10–15], Y [3,16–20], MCM-22 [14,21]
nd mordenite [3,22,23].

A major breakthrough in the industrial production of ethyl-
enzene with a solid acid catalyst was achieved by Mobil-Badger
n 1976 using a ZSM-5 zeolite in a gas phase fixed-bed reactor
24]. Other companies followed and developed or improved their
wn technologies for the production of ethylbenzene using solid
atalysts [25,26]. Besides ZSM-5, Y zeolite and MCM-22 are
eported to be the most successful solid acid catalysts for the
as phase alkylation of benzene with ethylene [26]. Nowadays,
ess than 25% of the global ethylbenzene production relies on
he traditional AlCl3–HF technology [26]. For the production
f linear alkylbenzenes, however, the traditional HF-catalyzed
rocess, developed by UOP [27], still dominates the market.

ecently, UOP started to commercialize the newly developed
etalTM process for the liquid-phase alkylation of benzene with
lefins in mild conditions [28], using a fluoride-based catalyst
5], named DA-114, in a cyclic fixed bed axial flow reactor.

mailto:MarieFrancoise.Reyniers@UGent.be
dx.doi.org/10.1016/j.molcata.2007.06.027
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Nomenclature

List of symbols
Aalk preexponential factor for surface alkylation step

(m3 mol−1 s−1)
Ade-pr preexponential factor for deprotonation step (s−1)
BALC carbon atom balance (%)
C molar concentration (mol m−3)
Ct total concentration of acid active sites (mol kg−1

cat )
Ea,alk activation energy for surface alkylation step

(kJ mol−1)
Ea,de-pr activation energy for deprotonation step

(kJ mol−1)
Ea,pr activation energy for protonation step (kJ mol−1)
�(Ea,alk) difference in activation energies for alkylation

step on two different catalysts (kJ mol−1)
�(Ea,pr) difference in activation energies for protonation

step on two different catalysts (kJ mol−1)
�Hpr 1-octene protonation enthalpy on catalyst

(kJ mol−1)
�(�Hpr) difference in octene protonation enthalpies on

two different catalysts (kJ mol−1)
F molar flow rate (mol s−1)
kalk rate coefficient for surface alkylation step

(m3 mol−1 s−1)
kde-pr rate coefficient for deprotonation step (s−1)
Keq,iso equilibrium coefficient for the isomerization of

1-octene to 2-octene (−)
kpr rate coefficient for protonation step

(m3 mol−1 s−1)
Kpr,1-oct equilibrium coefficient for 1-octene protonation

to 2-octyl carbenium ion (m3 mol−1)
Kpr,2-oct equilibrium coefficient for 2-octene protonation

to 2-octyl carbenium ion (m3 mol−1)
ṁ mass flow rate (kg s−1)
MW molar weight (kg mol−1)
nc number of carbon atoms in molecule
NH+ number of acid sites (mol)
R net consumption/production rate (mol kgcat s−1)
S selectivity (%)
T temperature (K)
w weight fraction (−)
Wcat catalyst mass (kg)
X conversion (%)
Y molar yield (%)

Greek letter
α parameter in Polanyi relation (Eq. (25))

Superscript
0 initial (feed) condition

Subscripts
A, B over catalyst A, respectively, B
b benzene
i, j general component

i,oct pertaining to general component, i, calculated
with respect to all octenes

i-oct i-octene (“i” positional isomer of octene)
i-pho i-phenyloctane (“i” positional isomer of pheny-

loctane)
max maximum value
oct octenes (sum of all positional isomers of octene)
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hree units based on the DetalTM technology and the DA-114
atalysts were already in commercial operation in 2003 [29].

In view of the increasing concern for environmental issues,
olluting technologies are bound to yield to newer, economically
iable, environmental friendlier technologies. Unfortunately,
mong the large variety of materials with acidic properties tested
n the alkylation of aromatics [1–22], only few have found indus-
rial valorization. For industrial application high selectivity to
he linear 2-phenyl isomer is the major target as this isomer
ields detergents with better emulsifying properties and bet-
er biodegradability [30,31]. Generally, high conversions can be
asily obtained using acid catalysts but the product distribution
an vary strongly. Depending on the properties of the catalyst,
ll isomers of the mono-alkylated products can be formed dur-
ng the alkylation even when starting from the 1-olefins. This
s caused by the concurrent branching and double bond isomer-
zation of the olefins. Other possible by-products that have been
eported result from poly-alkylation and from the isomerization
nd oligomerization of olefins. Knowledge of the influence of the
ifferent experimental parameters on the product range obtained
n the alkylation offers an important tool in the development of

ore efficient industrial processes [32,33].
In this paper, the liquid-phase alkylation of benzene with

8 linear olefins over a series of Y zeolites was chosen as
odel reaction to evaluate the influence of temperature, feed
olar ratio, space time and catalyst Si/Al ratio, on the conver-

ion and the product distribution. Y is a large pore zeolite with
tri-dimensional network of channels with diameter of 7.4 Å

t the intersection of which cavities with diameters of 11.8 Å
re formed. This zeolite combines two important features that
ake it suitable as catalyst for the alkylation of benzene with

ong-chain olefins: strong acidic character and the ability to
ccommodate large molecules, such as alkylbenzenes, inside
ts pores. Moreover, its thermal stability and catalytic activity
an be improved by dealumination [17,18]. Dealmeida et al.
16] reported the effect of the aluminum content on the alkyla-
ion of benzene with 1-dodecene over HY-zeolites performed
n a batch–slurry reactor and concluded that the selectivity
o 2-phenyldodecane increased with increasing acid strength.
owever, HY-zeolites are prone to deactivation and operation in
atch mode does not allow excluding the influence of coke depo-

ition on the product distribution. In this study, the alkylation of
enzene with 1-octene was performed in a Robinson–Mahoney
eactor operating in a continuous flow mode allowing extrapola-
ion to zero time on stream and thus enabling the determination
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f the influence of process conditions and of the acid properties
n the activity and selectivity in the absence of deactivation.
ased on the experimental observations, a detailed reaction
echanism has been developed and the influence of the acid

haracteristics of the fresh catalyst on the product distribution
s evaluated.

. Experimental

.1. Materials

Three commercially available ultrastable Y zeolites,
BV712 (Si/Albulk = 6), CBV720 (Si/Albulk = 13), and CBV760

Si/Albulk = 30) were purchased from Zeolyst International.
hese zeolites were obtained by dealumination, to different
egrees, of a parent Y zeolite with Si/Al = 2.6 denominated com-
ercially CBV300. The CBV720 and CBV760 zeolites were

upplied in H-form while CBV712 was supplied in ammonia
orm. A detailed characterization of the catalysts is given else-
here [34–37] and the relevant properties are summarized in
able 1.

Benzene (bp, 80.1 ◦C; purity, >99.5%) and 1-octene (bp,
21.3 ◦C; purity > 99.5%) have been purchased from Acros
rganics, Belgium, and used without further purification. A
ixture of octene isomers containing 21.8% 1-octene, 50.0%

-octene, 25.1% 3-octene, 1.1% 4-octene and 2.0% other
ydrocarbons impurities, used in a series of experiments with
ixed olefin feed, was synthesized by contacting 1-octene with
BV760 for 3 h in a glass reactor, under reflux conditions.
. Experimental procedure

The experimental tests were performed in a set-up operating
n continuous flow mode, including a Robinson–Mahoney reac-

able 1
haracteristics of the Y zeolite catalysts used in liquid-phase alkylation of
enzene with 1-octene

CBV712 CBV720 CBV760

ulk Si/Al ratioa 5.8 13 30
icropore volume (cm3/g)b 0.251 0.273 0.250
esopore volume (cm3/g)b – 0.15 0.16

xternal surface (m2/g)b 109 103 143
cid site concentration (mmol/g)c 0.69 0.62 0.24
l (IV) content (mmol/g)d 0.75 0.613 0.217

o (nm)e 24.36 24.34 24.25
otal Al/ucf 28.2 13.7 6.2
ramework Al/ucg 8.6 7.1 2.5
ramework Si/Al ratio 21.2 26.2 75.8

a Determined by ICPS (inductively coupled plasma spectroscopy) [35,38].
b Determined with nitrogen porosimetry at 77 K (procedure proposed by Remy

38]).
c Determined with ammonia TPD [36,37].
d Determined with Al MAS NMR [35,38].
e Calculated from the X-ray diffraction spectrum using the ASTM procedure
4932-85 [38].
f Calculated from the total Al content (determined by ICPS) assuming a unit

ell composition of Hx(AlO2)x(SiO2)192−x.
g Calculated from the number of Al(IV) species per gram catalyst (determined
y Al MAS NMR) assuming a unit cell composition of Hx(AlO2)x(SiO2)192−x.
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or (Autoclave Engineers, Europe). The particularity of this type
f reactor is the use of a specially designed “basket” in which the
atalyst is contained, while a specially designed stirrer forces
he content of the reactor through the basket walls ensuring a
igh degree of internal recirculation [38]. The set-up and the
perational procedures are designed to avoid contact with the
arcinogenic benzene component. To prevent exposure in case
f an accidental release of benzene, the set-up is equipped with
powerful ventilation system and liquid collection vessels.

For a typical experiment, the catalyst, supplied as powder, is
rst pressed into wafers using a hydraulic press. The wafers are

hen crushed and the resulting pellets are sieved; only the frac-
ion of particles with diameters between 0.5 mm and 0.6 mm
re used in the experiments. Prior to its use in catalytic experi-
ents, the catalyst is activated at 723 K in a down-flow fixed-bed

eactor, under 20 ml/min airflow. The catalyst is kept at this
emperature for 4 h to eliminate water and other contaminants
hat could have been adsorbed from the laboratory atmosphere.
rior to this treatment, CBV712, supplied in ammonia form,
pent an additional night at 773 K, under air, in order to obtain
he H-form. After activation, the desired amount of catalyst is
eighted (W = 1–10 g), diluted with �-alumina (dilution = 1 g

atalyst/10 g �-alumina) and loaded into the catalyst basket.
fter the catalyst basket is introduced into the reactor, the reac-

or is closed and the catalyst is submitted to an overnight in situ
ctivation under 20 ml/min airflow, at 623 K, to remove traces of
ontaminants adsorbed during the loading of the reactor. Once
he catalyst is activated, the temperature of the reactor is set to the
esired value. After the equilibration of the temperature in the
et-up, the air flow is stopped and the reactor pressure is brought
o 2 MPa by means of a N2 flow. Throughout the experiment the
eactor is kept at 2 MPa. At this pressure all reactants and reac-
ion products are in liquid-phase at all experimental conditions
nvestigated.

The reactant mixture of the desired composition is fed to the
eactor by means of a HPLC pump. The HPLC pump delivers
constant feed flow rate to the reactor; the mass flow rate is

erified on a regular basis by means of a Sartorius balance. A
tirrer revolution speed of 2000 rpm was used to ensure perfect
ixing inside the reactor. The reactor effluent is collected first

n a measuring burette and subsequently in a closed recipient
hose mass is monitored by means of a Sartorius balance. For

ach experimental test, 0.3 ml samples of the reactor effluent
re withdrawn at every 15–30 min time on stream and analyzed
ff-line by means of a HP5890 Series II Gas Chromatograph
quipped with a CP-SIL-5 capillary column (50 m, 0.32 mm,
.0 �m) and a flame ionization detector.

The chromatographic analysis of the gaseous fraction of the
eactor content, by injecting on-line samples of a gaseous efflu-
nt stream mixed with a known CH4 flow rate, revealed that no
ight components are formed during reaction.

The flash gas, desorbed when the liquid effluent exits the
igh-pressure section of the installation, consists of only N2 as

evealed by the gas chromatograph analysis of off-line injected
amples.

Based on the above-mentioned observations, the outlet molar
ow rates of the individual components are calculated starting



4 r Ca

f
fl

F

w
m
m
r

1

X

w
r

X

w
fl

r
1

Y

w
o
o

S
o
w

S

t
e

S

t
b

y
W

R

R

w
d
F

t

i
g

N

m

B

w
“

T
t
o
�
o
i
l
t

t
t

w
a
t
C
b
T

T
E

C

C
C
C

I. Craciun et al. / Journal of Molecula

rom the GC analysis of the reactor liquid effluent and the mass
ow rate of the reactor effluent

i = wiṁtot

MWi

(1)

ith Fi is the outlet molar flow rate of a component “i”, wi the
ass fraction of component “i” in the reactor effluent, MWi the
olar weight of component “i” and ṁtot is the total mass flow

ate of the effluent.
The activity of the catalyst is expressed by the conversion of

-octene, X1-oct, defined as

1-oct = F0
1-oct − F1-oct

F0
1-oct

(2)

ith F0
1-oct and F1-oct are the feed, respectively outlet, molar flow

ates of 1-octene.
The overall octenes conversion, Xoct, is defined as

oct =
∑4

j=1(F0
j-oct − Fj-oct)

∑4
j=1F

0
j-oct

(3)

here F0
j-oct and Fj-oct are the feed, respectively outlet, molar

ow rates of “j”-octene isomer.
The molar yield of a reaction product i, Yi, is calculated with

espect to 1-octene, as moles of product “i” produced per mole
-octene fed. In terms of molar flow rates this is expressed as

i = Fi − F0
i

F0
1-oct

(4)

ith F0
i and Fi are the feed, respectively outlet, molar flow rates

f component “i”, and F0
1-oct is the inlet molar flow rate of 1-

ctene.
Selectivity towards a product “i” with respect to 1-octene,

i, is defined as moles of product “i” formed per mole of 1-
ctene converted. In terms of molar flow rates, the selectivity
ith respect to 1-octene is expressed by

i = Fi − F0
i

F0
1-oct − F1-oct

(5)

For the selectivity to a product “i”, calculated with respect
o the total amount of olefins consumed (Si,oct), the following
quation applies

i,oct = Fi − F0
i∑4 0

(6)

j=1(Fj-oct − Fj-oct)

The net 1-octene consumption rate, R1-oct and the net produc-
ion rate of a product “i”, Ri, in mol s−1 kg−1

cat , can be obtained
y dividing the 1-octene conversion (Eq. (2)) and the molar

t
p

b

able 2
xperimental conditions

atalyst (Si/Al) Temperature (K) Benzene/1-octene feed m

BV712 (Si/Al = 5.8) 373 5
BV720 (Si/Al = 13) 373–473 5
BV760 (Si/Al = 30) 343–373 1–10
talysis A: Chemical 277 (2007) 1–14

ield of product “i” (Eq. (4)) by the corresponding space time,
cat/F

0
1-oct

1-oct = X1-oct

Wcat/F
0
1-oct

(7)

i = Yi

Wcat/F
o
1-oct

(8)

here the space time is defined as the mass of catalyst, Wcat,
ivided by the inlet molar flow rate of the 1-octene reactant,
0
1-oct. Introducing site time, i.e. NH+/F0

1-oct, allows comparing
he different catalysts.

The number of acid sites, NH+ , used in the above expression,
s obtained taking into account the acid site concentrations, Ct,
iven in Table 1 for the investigated catalysts

H+ = CtWcat (9)

The carbon balance is calculated based on the inlet and outlet
olar flow rates of the individual components

ALC = 100

∑
nciFi∑
nciF

0
i

(10)

here nci represents the number of carbon atoms in component
i”.

An overview of the experimental conditions is given in
able 2. Prior to the start of the experimental program, a blank

est has been performed feeding a mixture of benzene and 1-
ctene in a molar ratio of 5:1 over a catalyst basket filled with
-alumina, at 473 K, for 10 h time on stream so that the activity
f the diluting material could be investigated at severe exper-
mental conditions. This test showed a 1-octene conversion of
ess than 0.5%, with the formation of traces of 2-octene. No
races of alkylated products were found.

For all experimental conditions the absence of mass and heat
ransport limitations was verified using correlations from litera-
ure [39].

The data reported in this paper refer to the fresh catalyst and
ere obtained by extrapolating the values of the conversions

nd molar yields, observed as a function of time on stream, to
ime on stream zero. A similar approach has been reported by
orma et al. [14] in the study of the kinetics of the alkylation of
enzene with ethylene and propylene over an MCM-22 catalyst.
he extrapolation is done by fitting an exponential function to
he experimental points giving higher weight to the experimental
oints obtained at low time on stream.

The reported data pertain to experiments for which the carbon
alance closes within 100 ± 5%.

olar ratio Space time (kg s mol−1) 1-Octene conversion (%)

5–120 10–95
5–120 35–99
5–120 30–99
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. Results and discussion

.1. Catalyst deactivation

Although the investigated Y zeolites show good perfor-
ances as catalysts for the alkylation of benzene, their activity,

xpressed in terms of 1-octene conversions, decreases during
ime on stream. Generally, the deactivation of zeolite catalysts
akes place by site coverage, when certain components, i.e. coke,
trongly and irreversibly adsorb on the acid sites, and/or by pore
lockage, when the bulky coke molecules hamper the access of
eactants to the active sites [40,41].

In this study, it was observed that the deactivation of the cat-
lyst is less important at high 1-octene conversions, i.e. >90%
Fig. 1). This observation indicates that mainly the olefins are
esponsible for the catalyst deactivation since at high 1-octene
onversions, the selectivities to alkylated products are high
esulting in low octenes concentration in the reaction mixture. As
consequence, secondary reactions involving octenes leading

o deactivation are less important at high 1-octene conversions.
herefore, operating at high olefin conversions and high aro-
atic/olefin ratios increase the catalyst lifetime. An activity

est performed at 473K and inlet benzene to 1-octene molar
atio of 5, at almost total octenes conversion (X1-oct = 99.5%,
oct = 98.5%), showed a decrease in the activity of CBV720 of

ess than 2% after 12 h time on stream.

.2. Reaction network

As mentioned before, all data reported pertain to the fresh
atalyst and were obtained by extrapolation to time on stream
ero. For all catalysts and all experimental conditions inves-
igated in this study, two main groups of components were
btained as reaction products: octene isomers and pheny-
octanes. Branched octene isomers were not observed. The
ctene isomers, 2-octene, 3-octene and 4-octene, result from
ouble bond migration. 2-Phenyloctane, 3-phenyloctane and 4-

henyloctane were obtained as mono-alkylated products. Traces
f di-alkylated products (di-octylbenzenes), accounting for less
han 1% of the 1-octene conversions, were obtained over
BV760 at 373K, Wcat/F

0
1-oct = 10 kg s mol−1 and low benzene

ig. 1. 1-Octene conversion over CBV760 catalyst as a function of time on
tream at 373 K and benzene/1-octene feed molar ratio = 5 ((�) wcat/F

0
1-oct =

0 kg s mol−1; (�) wcat/F
0
1-oct = 5 kg s mol−1).

c
i
a
c
n
i
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l
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b
a
a
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ig. 2. Conversion of 1-octene over fresh CBV760 catalyst (t.o.s. = 0) at different
emperatures and benzene/1-octene feed molar ratio = 5.

o 1-octene feed molar ratios (i.e. B/O = 1 and B/O = 3). In all
onditions used in this study, octene dimers were not observed
n the effluent.

Over CBV760, high levels of 1-octene conversions were
btained at all temperatures studied (Fig. 2). 2-Octene and 3-
ctene are the main reaction products formed at low space
imes (Fig. 3a). After an initial increase, the molar yields
f the octene isomers decrease with increasing space time
Fig. 3a and b). Among the octene isomers, 2-octene is
btained in highest yields, followed by 3-octene and then 4-
ctene. However, low yields of 4-octene are obtained at all the
xperimental conditions investigated. The molar yields of the
ono-alkylated products increase monotonically with increas-

ng space time (Fig. 3c and d). Fig. 3 also shows that among
he three mono-alkylated products, 2-phenyloctane – the most
esired phenyloctane isomer – is always obtained with higher
ields than 3-phenyloctane and 4-phenyloctane. A total molar
ield of mono-alkylated products of 72% (Y2-pho,max = 29%,
3-pho,max = 23%, Y4-pho,max = 20%) was obtained over CBV760
t the highest space time, (Wcat/F

0
1-oct)max = 120 kg s mol−1,

nd temperature, Tmax = 373K, employed here.
The formation of these products from benzene and 1-octene

an be explained based on the generally accepted mechanism
nvolving the formation of an alkylcarbenium ion by the inter-
ction of the olefin with the acid catalyst. The thus-formed
arbocation then attacks the aromatic ring and forms an are-
ium ion – a so-called sigma-complex – in a step which is,
n most cases, rate determining. In the final step, the sigma-
omplex eliminates, as a proton, the hydrogen bonded to the
ttacked aromatic carbon with the formation of the final alky-
ated product and the regeneration of the catalyst. Although, in
he case of solid acid catalysts, the exact nature of the inter-

ediate species is not yet precisely known, the alkylation of
romatics with olefins is commonly considered to involve a car-
enium ion type mechanism equivalent to the one described
bove [16,17]—see Scheme 1. This mechanism explains the
bsence of the 1-phenyl-isomer among the reaction products, as
ts formation would involve the highly activated formation of a

rimary carbenium ion.

A schematic overview of the theoretical possible elementary
eactions involving carbenium ions formed by protonation of the
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ig. 3. Molar yields of octene isomers (a, b) and phenyloctanes (c, d) over fres
right) and benzene/1-octene feed molar ratio = 5.

ctenes on the acid sites of the zeolite is presented in Scheme 2.
cid catalyzed double bond isomerization results in the for-
ation of 2-octene, 3-octene and 4-octene. The double bond

somerization can occur by a sequence of 1,2-hydride shifts of
he 2-octyl carbenium ion leading to the 3-octyl and 4-octyl car-
enium ions (Scheme 2b) followed by deprotonation and/or by a
onsecutive olefin protonation–deprotonation sequence involv-

ng the octyl carbenium ions as intermediates (Scheme 2a). The
ntermediate octyl carbenium ions react with benzene leading to
-, 3- and 4-phenyloctane following the mechanism presented
n Scheme 1.

a
b
P
i

Scheme 1. Elementary steps involved in the alkylatio
V760 catalyst (t.o.s. = 0) as a function of space time, at 343 K (left) and 373 K

Protonated cyclopropane (PCP) branching steps involving the
econdary octyl carbenium ions can, in principle, result in the
ormation of branched olefins and/or branched alkylbenzenes
Scheme 2c). Cracking reactions involving the carbenium ions
Scheme 2d) can, in principle, also be expected [17]. How-
ver, none of the products expected from these reactions were
bserved at the experimental conditions investigated here. The

bsence of skeletal isomerization and cracking products can
e explained based on the higher activation energies for the
CP branching and �-scission steps than for the double bond

somerization and alkylation steps over Y zeolites [32]. There-

n of benzene with 1-octene over acid catalysts.
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Scheme 2. Elementary reactio

ore, insignificant rates of C–C bond breaking reactions can be
xpected at the relatively low temperatures used in this study.
s a consequence, the formation of branched alkylbenzenes is

lso highly unlikely.
At the experimental conditions investigated, i.e. at relatively

ow temperatures, hydride transfer reactions (Scheme 2e) do not
ccur noticeably—no alkanes were obtained among the reaction
roducts.

Another reaction path involves the reaction of the carbenium
on intermediates with olefin molecules forming oligomeric
pecies (Scheme 2f). Although octene oligomers have not been
bserved in the reactor effluent, the formation of oligomeric
pecies that can be trapped inside the pores of the zeolites has
een reported [42]. These oligomeric species are mainly respon-
ible for the deactivation of the catalysts; either directly, by
locking the sites and the pores of the zeolite, or indirectly, by
eing the precursors for the formation of (other) coke molecules

hrough further polymerization, alkylation and cyclization reac-
ions.

Fig. 4a and b presents the selectivities to individual reaction
roducts as a function of 1-octene conversion over CBV760 at

o
H
i
t

olving alkyl-carbenium ions.

43K and feed molar ratio benzene/1-octene = 5. As the alkyla-
ion reaction is practically irreversible (K ∼= 109 M−1), the lines
orresponding to equilibrium between octene isomers (a) and
etween phenyloctane isomers (b) were calculated by multi-
lying the experimentally obtained total selectivity to octenes
r to phenyloctanes with the theoretical molar fractions of the
ndividual octenes or phenyloctanes, in a mixture of octenes,
espectively, in a mixture of phenyloctanes, at thermodynamic
quilibrium. The equilibrium calculations were performed using
hermodynamic data obtained from group contribution methods
43].

The selectivities to octene isomers as a function of 1-octene
onversion (Fig. 4a) display the typical behavior of intermedi-
tely formed reaction products. 2-Octene is obtained with high
electivity at low 1-octene conversions (Fig. 4a) showing that the
ouble bond isomerization occurs relatively fast as compared to
he alkylation leading to phenyloctanes. The selectivity to 2-

ctene decreases steadily as the 1-octene conversion increases.
owever, the selectivities to 3-octene and 4-octene show an

nitial increase with 1-octene conversions. Due to subsequent
ransformations, a decrease of the selectivities of all octene
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Fig. 4. First order (a and b), second order (c and d) and third order (e and f) delplot method charts for octene isomers (left) and phenyloctanes (right) for data over
f o = 5.
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resh CBV760 catalyst (t.o.s. = 0) at 343 K and benzene/1-octene molar feed rati
orrespond to theoretical selectivities calculated for equilibrium between octene
- · -), 4-isomer.

somers with increasing 1-octene conversion can be observed at
igh 1-octene conversion (Fig. 4a). Although the isomerization
rocess is fast as compared to the alkylation, the internal equi-
ibrium distribution of the octenes is not reached. Consequently,
he double bond isomerization and the alkylation occur on com-
arable time scales and a proper interpretation of the observed
roduct distributions requires that the two reactions – olefin
somerization and alkylation – are analyzed simultaneously.

For phenyloctanes, the selectivity increases as the 1-octene
onversion increases at the expense of all olefins. The 2-phenyl-
somer is produced with the highest selectivity among the
lkylated products. The steady increase in the selectivity to
ndividual phenyloctane isomers (Fig. 4b) shows that these com-
onents do not suffer significant subsequent transformations at
he experimental conditions investigated.
Based on the delplot technique, as presented by Bohre et
l. [44], the primary, secondary or tertiary nature of the prod-
cts can be determined based on plots of Si, Si/X1-oct and
Si/X1-oct)2 versus conversion. Primary reaction products are

o
s
d
a

Symbols and solid lines correspond to experimental data, dotted lines (a and b)
rs (a), respectively, between phenyloctanes (b) (- - -), 2-isomer; (- · ·), 3-isomer;

haracterized by a non-zero first-rank delplot, i.e. the inter-
ept of the plot of selectivity, Si versus 1-octene conversion,
hile for all non-primary products a zero intercept is found.
econdary reaction products are characterized by a non-zero
econd-rank delplot, i.e. the intercept of the plot of selec-
ivity Si/X1-oct versus 1-octene conversion, while for primary
roducts the intercept diverges and for tertiary products a
ero intercept is found. Tertiary reaction products are char-
cterized by a non-zero third-rank delplot, i.e. the intercept
f the plot of selectivity Si/(X1-oct)2 versus 1-octene conver-
ion, while for primary and secondary products the intercept
iverges.

For each product, the plot of the selectivity Si versus conver-
ion is extrapolated to conversion zero (X1-oct → 0) as shown
n Fig. 4a and b. Using 1-octene and benzene as feed, 2-

ctene and 2-phenyloctane are the only products with initial
electivities, i.e. obtained by extrapolation to zero conversion,
ifferent from zero. This observation suggests that 2-octene
nd 2-phenyloctane are the only primary products formed upon
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cheme 3. Elementary reactions involved in the primary reaction network.

eeding benzene and 1-octene. Therefore, it can be concluded
hat the hydride shift elementary reactions do not occur sig-
ificantly at the experimental conditions investigated since the
nternal rearrangements of the carbenium ion intermediates
y 1,2-hydride shifts would allow the formation of all octene
somers and phenyloctanes directly, i.e. in parallel, from the
-octene reactant. Consequently, the formation of octene iso-
ers can be considered to occur mainly through a sequence

onsisting of consecutive protonation–deprotonation steps (see
cheme 2).

All the other components are formed as non-primary products
ince their initial selectivities are equal to 0. As evidenced by the
igh values of the equilibrium constants (K ∼= 109 M−1) for the
ormation of phenyloctanes from benzene and octenes, the alky-
ation reactions are practically irreversible at the experimental
onditions investigated here and the primary reaction network
an thus be described as presented in Scheme 3. Analogous to
he findings of Smirniotis and Ruckenstein [45], Namuangruk
t al. [46], and Corma et al. [14], for alkylation of benzene with
hort chain olefins, benzene adsorption is considered to be unim-
ortant. Based on this primary network, the consumption rate of
-octene is given by

kprCt
[
(C1-octKeq,iso − C2-oct) ]
1-oct = +(kalk/kpr)Kpr,1-octC1-octCb

1 + Keq,iso + Kpr,1-oct(C1-oct

+C2-oct) + (kalk/kpr)Kpr,1-octCb

(11)

hile the rate of formation of 2-octene and 2-phenyloctane can

o
i
p
a
c

alysis A: Chemical 277 (2007) 1–14 9

e expressed as

2-oct =

kprCt
[
(C1-octKeq,iso − C2-oct)

−(kalk/kpr)Kpr,1-octC2-octCb
]

1 + Keq,iso + Kpr,1-oct(C1-oct + C2−oct)

+(kalk/kpr)Kpr,1-octCb

(12)

2-pho = kalkCtKpr,1-oct(C1-oct + C2-oct)Cb

1 + Keq,iso + Kpr,1-oct(C1-oct + C2-oct)

+(kalk/kpr)Kpr,1-octCb

(13)

Evaluating the ratio of the initial rates of formation of 2-
ctene and 2-phenyloctane, provides insight in the significance
f the initial selectivity of 2-octene relative to the initial selec-
ivity of 2-phenyloctane. For X1-oct → 0, Eqs. (12) and (13) can
e simplified to

0
2-oct = kprCtC1-octKeq,iso

1 + Keq,iso + Kpr,1-octC1-oct + (kalk/kpr)Kpr,1-octCb

(14)

0
2-pho = kalkCtKpr,1-octC1-octCb

1 + Keq,iso + Kpr,1-octC1-oct + (kalk/kpr)Kpr,1-octCb

(15)

he initial selectivity can then be expressed as

0
2-oct = R0

2-oct

R0
1-oct

= kprKeq,iso

kprKeq,iso + kalkKpr,1-octCb
(16)

0
2-pho = R0

2-pho

R0
1-oct

= kalkKpr,1-octCb

kprKeq,iso + kalkKpr,1-octCb
(17)

eading to

S0
2-oct

S0
2-pho

= kprKeq,iso

kalkKpr,1-octCb
= kpr

kalkKpr,2-octCb
= kde-pr

kalkCb
(18)

From Eq. (18) it can be seen that the ratio of the ini-
ial selectivities is related to the ratio of the rate constant for
he deprotonation step leading to the formation of 2-octene to
he rate constant for alkylation leading to 2-phenyloctane. The
bserved higher initial selectivity of 2-octene as compared to
he initial selectivity of 2-phenyloctane indicates that the rate
onstant for deprotonation is higher than the rate constant for
lkylation.

The high yield of 2-phenyloctane, especially at low 1-octene
onversion, is the consequence of this isomer being the only
rimary product among the alkylated products.

For each product, the plot of Si/X1-oct and Si/(X1-oct)2 ver-
us conversion is extrapolated to conversion zero (X1-oct → 0)
s shown in Fig. 4c–e. Using 1-octene and benzene as feed, 3-
ctene and 3-phenyloctane are the only products with a non-zero

ntercept (see Fig. 4c and d); the intercept for 2-octene and 2-
henyloctane diverges while for 4-octene and 4-phenyloctane
zero intercept is found. Based on this observation, it can be

oncluded that only 2-octene transforms directly to 3-octene and
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Fig. 5. Fresh catalyst (t.o.s. = 0) selectivity to 4-octene and 4-phenyloctane, cal-
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ulated with respect to 1-octene, as a function of 1-octene conversion, when
eeding benzene and mixture of octene isomers (benzene/octenes molar ratio = 5)
ver CBV760, at 358 K.

-phenyloctane. Therefore, 3-octene and 3-phenyloctane can be
dentified as being secondary products. Based Fig. 4e and f, it can
e concluded that only 3-octene transforms directly to 4-octene
nd 4-phenyloctane. Therefore, 4-octene and 4-phenyloctane
an be identified as being tertiary products when using 1-octene
nd benzene as feed.

At the investigated experimental conditions, 2-phenyloctane
s formed directly from 1-octene while the formation of 3-
henyloctane and 4-phenyloctane depend on the intermediate
ormation of 2-octene and 3-octene, respectively. As the conver-
ion of 1-octene increases, the internal distribution of the octene
somers evolves towards equilibrium driving the phenyloctanes
owards a more homogeneous distribution (Fig. 4b). Corroborat-
ng evidence is obtained from a series of alkylation experiments
sing a mixture of octenes instead of pure 1-octene. The octenes
eed consisted of a mixture of 22.4% 1-octene, 51.5% 2-octene,
5.9% 3-octene, 0.2% 4-octene. As shown in Fig. 5, 4-octene
nd 4-phenyloctane are also formed as primary products upon
eeding an octene mixture that contains 3-octene.

In previous studies the double bond isomerization was not
onsidered explicitly. Although the occurrence of double bond
somerization has been mentioned [16,20], no complete prod-
ct distribution, including the olefin isomers, has been reported
n the literature. In many cases, the internal distribution of the

lkylated products is reported as a function of the total olefin con-
umption and not as a function of the conversion of the particular
lefin isomer fed. Fig. 6, presents the selectivity to phenyloctanes
s a function of total olefin conversion at 343 K for a molar ratio

s
i

o

Scheme 4. Reacti
ig. 6. Selectivity to phenyloctanes as a function of total olefin conversion
ver fresh CBV760 catalyst (t.o.s. = 0) at 343 K, benzene/1-octene molar feed
atio = 5.

enzene/1-octene = 5. In contrast to Fig. 4, Fig. 6 does not yield
ny information on the olefin isomerization but also hampers
he identification of the 2-phenyl-isomer as the unique primary
roduct among the alkylated products in the case of feeding
-olefins.

The above conclusions can be summarized in the reaction
etwork shown in Scheme 4. In this reaction network, 1-octene
ransforms consecutively to the other octene isomers while all
lefins can react in parallel with benzene and produce pheny-
octanes. The observed low yields of 4-octene are justified as
-octene is formed as a tertiary product when 1-octene is fed.
he internal distribution of the phenyloctane isomers can be
xplained based on this reaction network without the need
o invoke shape selectivity effects [42]. A high selectivity to
-phenyloctane, as the only primary product among the pheny-
octanes, can be expected if the isomerization path is relatively
ess important than the alkylation path.

.3. Influence of temperature

In this study, three temperatures were investigated: 343 K,
58 K and 373 K. As illustrated in Fig. 2, the activity of the
atalyst increases with increasing temperature. At 373 K, an
lmost complete 1-octene conversion (X1-oct > 99%) is reached
ven at relatively low space times while at 343 K, the reaction is

lower and complete 1-octene conversion is not obtained at the
nvestigated conditions.

As a function of space time (see Fig. 3), the molar yields
f the three octene isomers pass through maximum values at

on network.
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Fig. 7. Selectivity to 2-octene (empty symbols) and 2-phenyloctane (full sym-
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ols) as a function of 1-octene conversion over fresh CBV760 catalyst (t.o.s. = 0)
t 343 K (diamonds), 358 K (squares) and 373 K (triangles), at benzene/1-octene
eed molar ratio = 5.

ll three temperatures investigated as expected for intermediary
eaction products. With increasing temperature, the position of
he maximum shifts towards lowers space times (see Fig. 3a and
). The molar yields of all alkylated products also increase with
emperature.

As a function of 1-octene conversion, the overall selectivity
o alkylated products (i.e. the sum of the selectivities of 2-, 3-
nd 4-phenyloctanes) and to octene isomers does not depend
ignificantly on temperature. As illustrated in Fig. 7, the selec-
ivity to the primary products, 2-octene and 2-phenyloctane, as
function of 1-octene conversion, is independent of tempera-

ure indicating that the deprotonation step leading to 2-octene
as a similar activation energy as the alkylation step leading to
-phenyloctane. From Eq. (18) it can be seen that the higher ini-
ial selectivity to 2-octene as compared to 2-phenyloctane can
hus be related to differences in entropy of activation associ-
ted with deprotonation and with alkylation. At 358 K, a B/O
olar ratio = 5 and a benzene concentration of 7835 mol m−3,

he observed initial selectivity (X1-oct. → 0) of 2-octene and 2-
henyloctane are 94% and 6%, respectively. Based on Eq. (18)
ratio of Ade-pr/Aalk ≈ 105 can thus be estimated. Using statisti-
al thermodynamics [47], the activation entropy was estimated
ccording to the procedure described by Martens et al. [32]. An
ctivation entropy of 43 J/mol K was calculated for the deproto-
ation step, while for the alkylation step the activation entropy
mounted to −62 J/mol K leading to Ade-pr/Aalk ≈ 105/109 = 106

n reasonable agreement with the experimentally determined
atio.

.4. Influence of benzene to 1-octene feed ratio

In this study, benzene to 1-octene molar ratios of 1, 3, 5,
and 10 have been investigated and a summary of the results

s presented in Fig. 8. The experiments were performed at low
pace time – 10 kg s mol−1 – to avoid the formation of poly-
lkylated aromatics at low benzene to 1-octene molar ratios. At

he low space time investigated, 1-octene is mainly converted to
ther octene isomers.

High levels of 1-octene conversions were obtained at low ben-
ene to 1-octene molar ratios. As the feed molar ratio increases

a
r
s
d

ig. 8. Conversion of 1-octene (�), selectivity to 2-octene (�) and selectivity to
-phenyloctane (�) as a function of the feed benzene to 1-octene molar ratio, over
resh CBV760 catalyst (t.o.s. = 0) at 343 K and wcat/F

0
1-oct = 10 kg s mol−1.

rom 1 to 10, the 1-octene conversion decreases from 45%
o 29%. Simultaneously the yield of phenyloctanes increases
lightly from 3% to 4%. The cumulative effect of this behav-
or is an almost doubling of the overall selectivity to alkylated
roducts (from 7% to 13%) as the benzene to olefin feed ratio
ncreases from 1 to 10. Higher benzene concentrations favor the
lkylation path over the isomerization path. As a consequence of
he primary product nature of 2-phenyloctane, when increasing
he benzene to 1-octene molar ratio, the increase in the selec-
ivity to this alkylated product is even more important than for
he other phenyloctanes. Thus, 2-phenyloctane, that accounts for
0% of the phenyloctanes produced at 1:1 benzene to 1-octene
eed molar ratio, accounts for 80% of the phenyloctanes obtained
t 10:1 benzene to 1-octene feed molar ratio.

.5. Influence of catalyst acid properties

To understand the effect of the catalyst acid properties and
ts performance in benzene alkylation, three USY zeolites with
i/Al ratio of 6, 13 and 30 were selected for this study. The dea-

umination process modifies the concentration of the acid sites of
he zeolite by extracting Al atoms from its framework and alter
ts acid properties [35,48,49]. It is generally accepted that the
verage acid strength of the active sites of the zeolite increases
ith increasing zeolite Si/Al ratio up to a framework Si/Al ratio
–8 as a result of the decreased number of Al atoms per unit cell
chieved by dealumination [50]. Also, it has been shown that
he simultaneous presence of Brønsted and Lewis acid sites can
trongly influence the zeolite activity and selectivity in the alky-
ation of aromatics with alkenes [51]. The total concentration of
cid sites of the catalysts amounted to 0.69, 0.64 and, respec-
ively, 0.24 mmol acid site/gcat, as determined from NH3-TPD
f CBV712, CBV720 and, respectively, CBV760 (see Table 1).
pon dealumination, the textural properties of the catalyst can

lso be modified by the creation of mesopores that, in some
ases, improve the accessibility of the acid sites [18,50].

Even though the total number of acid sites for the three cat-

lysts investigated decreases with increasing catalyst Si/Albulk
atio, catalyst activity, expressed in terms of 1-octene conver-
ion, increases with increasing Si/Albulk ratio. Fig. 9 presents a
irect comparison between the activities of the individual sites
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Fig. 11. Fresh catalyst (t.o.s. = 0) octene isomers distribution over the three Y
zeolite catalysts as a function of 1-octene conversion, at 373 K and benzene/1-
octene feed molar ratio = 5 (diamonds, CBV712; squares, CBV720; triangles,
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�Ea,pr = Ea,pr,B − Ea,pr,A (20)

�Ea,de-pr = Ea,de-pr,B − Ea,de-pr,A (21)
ig. 9. Fresh catalyst (t.o.s. = 0) 1-octene conversion over three Y zeolite cat-
lysts as a function of “site time” at 373 K and benzene/1-octene feed molar
atio = 5.

f each catalyst by plotting the conversion of 1-octene as a func-
ion of site time. CBV760 (Si/Albulk = 30) possesses the lowest
umber of acid sites in the series; however, the catalytic activ-
ty of these sites to transform 1-octene is higher than those of
BV720 (Si/Albulk = 13) and CBV712 (Si/Albulk = 6). The same
ind of behavior has been observed previously in catalytic crack-
ng and in hydrocracking over USY zeolites [16,18,34] and has
een attributed to the positive influence of an increased average
trength of the zeolite with increasing Si/Albulk.

Based on observations made for the liquid-phase alkylation
f benzene with 1-dodecene over partially Na-exchanged HY-
eolites in a slurry–batch reactor, Dealmeida [16] suggested that
n increase in acid strength leads to an increased alkylation
ctivity and thus to an increased 2-phenyldodecane selectivity.
ur results indicate that the selectivity to the reaction prod-
cts depends only on the level of 1-octene conversion and is
ot influenced significantly by the zeolite acid properties. This
bservation pertains to the total selectivity to alkylated products
nd olefins, as presented in Fig. 10, as well as to the selectivity to
ach individual reaction product as illustrated in Figs. 11 and 12.
imilar results on the influence of zeolite acid properties on the

roduct selectivities have been reported in the case of hydroc-
acking [33] and catalytic cracking over zeolite catalysts [47,52].
owever, as the olefin isomerization is not equilibrated, this

tudy allows to trace back the influence of the zeolite acid prop-

ig. 10. Fresh catalyst (t.o.s. = 0) product distribution over three Y zeolite cat-
lysts as a function of 1-octene conversion, at 373K and benzene/1-octene feed
olar ratio = 5 (octenes, empty symbols and phenyloctanes, full symbols).
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BV760; blue, 2-octene, pink, 3-octene; red, 4-octene). (For interpretation of
he references to colour in this figure legend, the reader is referred to the web
ersion of the article.)

rties to particular elementary steps in contrast to the case of
ydrocracking and catalytic cracking where a straightforward
valuation of the influence of the Si/Albulk ratio on the activation
nergies of the elementary steps is complicated by equilibration
f the protonation/deprotonation reactions [33,47].

The influence of the acid strength on the enthalpy diagram
f the alkylation is illustrated in Fig. 13 for the formation of
-phenyloctane. In principle, a change in acid strength can lead
o a different concentration of carbenium ions on the catalyst
urface due to a difference in stability of these ionic species that
s reflected in a difference in the associated standard protonation
nthalpies, �Hpr, and/or to a change in activation energy of the
nvolved elementary reactions. For two catalysts A and B this
an be represented as

(�Hpr) = �Hpr,B − �Hpr,A (19)
Ea,alk = Ea,alk,B − Ea,alk,A (22)

ig. 12. Fresh catalyst (t.o.s. = 0) phenyloctane isomers distribution over the
hree Y zeolite catalysts as a function of 1-octene conversion, at 373K and
enzene/1-octene feed molar ratio = 5 (diamonds, CBV712; squares, CBV720;
riangles, CBV760; blue, 2-octene; pink, 3-octene; red, 4-octene). (For interpre-
ation of the references to colour in this figure legend, the reader is referred to
he web version of the article.)
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ig. 13. Influence of the acid strength of the catalyst on the enthalpy diagram
or the alkylation of benzene with 1-octene. Black line: stronger acid sites; grey
ine: weaker acid sites.

From Eq. (18), assuming that the pre-exponential factors are
ot influenced in going from one catalyst to another, the observed
bsence in selectivity differences can be expressed as

exp(Ede-pr,A)

exp(Ealk,A)
= exp(Ede-pr,B)

exp(Ealk,B)
(23)

eading to

Ea,de-pr = �Ealk (24)

Therefore, it can be concluded that the influence of a change
n acid strength on the activation energy of the steps leading
o the reaction products, i.e. deprotonation and alkylation, is
ndependent from the type of elementary step.

As the activation energy for alkylation on two catalysts A and
can also be written as

a,alk,A = HTSalk,A − Hion1,A (25)

a,alk,B = HTSalk,B − Hion1,B (26)

he change in activation energy for alkylation in going from
atalyst A to catalyst B is given by

Ea,alk = (HTSalk,B − HTSalk,A) − (Hion1,B − Hion1,A)

= �HTSalk − �(�Hpr) (27)

From Eq. (27) it follows that the influence of the acid strength
n the activation energy for alkylation depends not only on
he stabilizing effect of the more acidic zeolite on the surface
pecies but also on its stabilizing effect on the transition state. An
ncrease in acid strength would result in an increase in activation
nergy for alkylation if the stabilizing effect on the intermediate
ere more pronounced than on the transition state.
In view of an Evans–Polanyi correlation, the change in the

rotonation and the deprotonation activation energy with acid
trength is not independent from the change in the stability of
he carbenium ions on the catalyst surface [52] with acid strength

s reflected by �(�Hpr)

Ea,pr = α�(�Hpr) (28)

Ea,de-pr = −(1 − α)�(�Hpr) = �Ealk (29)

p
n

t

alysis A: Chemical 277 (2007) 1–14 13

Eq. (28) indicates that an increase in acid strength leads to
n increased stability of the carbenium ions on the surface con-
omitant with a decrease in activation energy for protonation.
rom Eq. (29) it follows that for the catalyst with the higher
verage acid strength, the activation energies for the alkylation
nd deprotonation steps are higher then for the catalyst with the
ower average acid strength.

Combining Eqs. (29) and (27) then leads to

HTSalk = α�(�Hpr) (30)

From Eqs. (25) and (30) it can be concluded that an increased
cid strength results in an increased stability not only of the inter-
ediates formed on the zeolite surface but also of the transition

tate for alkylation. The increase in stability of the transition state
s less pronounced and amounts to a fraction α of the increased
tability of the surface species as reflected in �(�Hpr).

Our observations indicate that an increase in acid strength
eads to an increased stabilization of the carbenium ions on the
urface of the catalyst resulting in a decreased reactivity for
esorption and alkylation of the surface species as the activation
nergy for these reaction steps increases. This decrease occurs to
he same extent for the competing alkylation and deprotonation
nd, hence, to selectivity which is independent of acid strength.

Based on the above considerations, it can be concluded that
he higher rates observed for the catalyst with the higher average
cid strength are not related to an increase in the activity of
he acid sites for the alkylation step but rather to a decrease in
ctivation energy of the protonation steps (Eq. (28)) leading to
n increased concentration of carbenium ions on the catalyst
urface that compensates for the effect of the higher activation
nergies of the deprotonation and alkylation steps.

. Conclusions

The liquid-phase alkylation of benzene with 1-octene at tem-
eratures ranging from 343 K to 373 K over a series of Y zeolites,
ith Si/Al ranging from 6 to 30, was found to give two types
f reaction products: octene isomers and phenyloctane isomers.
eactivation was found to be less important at 1-octene conver-

ion >90% indicating that olefins are mainly responsible for the
eactivation.

Based on carbenium ion chemistry a reaction network is
resented. Reaction path analysis revealed that double bond iso-
erization and benzene alkylation occur on comparable time

cales and thus require simultaneous consideration of all ele-
entary steps involved. On the fresh catalyst, 2-octene and

-phenyloctane were identified as being the only primary prod-
cts formed indicating that olefin isomerization mainly occurs
y a consecutive sequence of olefin protonation and depro-
onation steps. Alkylation of the intermediately formed octyl
arbenium ions occurs in parallel. The primary formation of 2-
henyloctane out of benzene and 1-octene explains the observed

referential formation of this phenyloctane isomer without the
eed to invoke shape selectivity effects.

It was observed that initial selectivities are independent of
emperature. Based on the initial(X→0%) rate equations, it can be
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oncluded that deprotonation and alkylation have similar acti-
ation energies and that a difference in entropy of activation
ssociated with the deprotonation and the alkylation steps is
esponsible for the high selectivity to 2-octene as compared to
-phenyloctane.

The highest activity per acid site was observed for the zeolite
ith the highest Si/Al ratio. The selectivities to the reaction
roducts were not affected by a change in Si/Al ratio indicating
hat the influence of a change in acid strength is similar for the
ifferent types of elementary steps. The higher rates observed
or the catalyst with the higher average acid strength can be
xplained by a change in activation energy of the elementary
eaction steps. This change in activation energy can be related
o the increased stability of the carbenium ions on the catalyst
urface as reflected by �(�Hpr).
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