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a b s t r a c t

Zeolite catalysts based on ZSM-5, TNU-9, SSZ-33 and mordenite were prepared and characterized. The
catalytic performance of these zeolites containing channels of different sizes has been studied in ben-
zene ethylation with ethanol at three different reaction temperatures (250, 275 and 300 ◦C) for reaction
times of 3, 5, 7, 10, 13, 15 and 20 s. In the ethylation reaction of benzene with ethanol, SSZ-33 catalyst
comprising 12-12-10-ring channels gave the highest benzene conversion, which is the result of high
acidity of this zeolite together with increased mass transport through large pores. The conversion of ben-
eolites
enzene ethylation
thylbenzene
inetic modeling

zene in the ethylation reaction of benzene with ethanol over the different zeolite catalysts follows the
order: SSZ-33 > TNU-9 > ZSM-5 > mordenite. TNU-9 catalyst behaves like the 10-ring ZSM-5 with respect
to ethylbenzene selectivity, while the behavior of SSZ-33 is close to that of a large pore zeolite with poten-
tial cage effects. EB selectivity follows the order: ZSM-5 > TNU-9 > SSZ-33 > mordenite, which implies that
this order is not directly related to the benzene conversion. In addition, a simplified kinetic model based on
reactant-converted deactivation model was developed for the reaction and compared with the obtained

experimental data.

. Introduction

Ethylbenzene (EB) is important in the petrochemical industry
s an intermediate in the production of styrene, which in turn is
sed for making polystyrene, a commonly used plastic material
1]. The 90% of EB world’s production is employed in the man-
facture of styrene, the other 10% is used in other applications

ike paint solvents and pharmaceuticals [2]. The world’s more than
0% of ethylbenzene demand is met through benzene ethylation.
thylbenzene is produced in bulk quantities by alkylation of ben-
ene with ethene in the presence of aluminium chloride or zeolite
atalyst [3]. Conventionally, ethylbenzene is produced by benzene
lkylation with ethylene using homogeneous mineral acids such
s aluminium chloride or phosphoric acid as catalysts that cause
number of problems concerning handling, safety, corrosion and
aste disposal [4,5]. The use of zeolite catalysts offers an envi-

onmentally friendly route to ethylbenzene and the possibility of
chieving superior product selectivity through pore size control
6,7]. Lately, Zilkova et al. [8] reported the role of the zeolite channel
rchitecture and acidity on the activity and selectivity in aromatic

ransformation.

Recently, aluminium chloride catalyzed alkylation of benzene
ith ethene has been replaced by zeolite-catalyzed alkylation pro-

esses [9]. Starting from the mid 1960s different zeolite-based
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catalysts were extensively evaluated for benzene alkylation using
various alkylating agents [10–14]. The direct use of ethanol, instead
of ethene, as alkylating agent with benzene for this reaction
has gained more attention [15–17]. A long stable catalyst life is
observed when alcohol, rather than ethylene, is used as an alky-
lating agent [18]. Zeolite ZSM-5 was reported to be active in the
ethylation of benzene and toluene [19–22], which led to the great
commercial process (Mobil–Badger). In addition, the effect of zeo-
lite acidity in benzene and toluene alkylation has also been reported
by various researchers [23,24]. More recently, mordenite is used in
the adsorptive separation of gas or liquid mixtures and catalysis
such as hydrocracking, hydroisomerization, alkylation, reforming,
dewaxing and dimethylamines synthesis due to its high thermal
and acid stabilities [25–27]. In addition, MOR zeolite has recently
been considered for applications as hosts of semiconductor mate-
rials, chemical sensors and nonlinear optical materials [28].

A very important investigation of alkylation of benzene with
ethanol by Levesque and Dao [29] over steamed–treated ZSM-5
zeolite and chryso-zeolite ZSM-5 catalysts showed that ethylben-
zene selectivity increased at high benzene to ethanol molar ratio.
Gao et al. [30] studied the alkylation of benzene with ethanol over
ZSM-5-based catalyst. They investigated the effect of zinc salt on
the synthesis of ZSM-5 in the alkylation of benzene with ethanol.

They concluded that the increase in EB selectivity was due to high
Lewis/Bronsted acid ratio and the smaller crystal size. Chandawar
et al. [31] also studied the alkylation of benzene over modified ZSM-
5-based catalyst. The authors reported a significant improvement
in ethylbenzene selectivity.

dx.doi.org/10.1016/j.apcata.2010.06.041
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:skhattaf@kfupm.edu.sa
dx.doi.org/10.1016/j.apcata.2010.06.041
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Nomenclature

Ci concentration of specie i in the riser simulator
(mol/m3)

CL confidence limit
Ei apparent activation energy of ith reaction (kJ/mol)
k1 rate constant of reaction 1 (m3/kg of catalyst .s)
k2 rate constant of reaction 2 (m3/kg of catalyst .s)
k3 rate constant of reaction 3 (m3/kg of catalyst .s)
k4 rate constant of reaction 4 (m3/kg of catalyst .s)
k apparent kinetic rate constant (m3/kg of catalyst .s)
k0 pre-exponential factor in Arrhenius equation

defined at an average temperature [m3/kg of
catalyst .s], units based on first-order reaction

MWi molecular weight of specie i
R universal gas constant (kJ/kmol K)
t reaction time (s)
T reaction temperature (K)
T0 average temperature of the experiment (275 ◦C)
V volume of the riser (45 cm3)
Wc mass of the catalysts (0.81 g cat)
Whc total mass of hydrocarbons injected in the riser

(0.162 g)
Yi mass fraction of ith component (wt%)

Greek letters
ϕ apparent deactivation function
� catalyst deactivation constant (RC Model)
� effectiveness factor, dimensionless

Subscripts
0 at time t = 0
1 for reaction (1)
2 for reaction (2)
3 for reaction (3)
4 for reaction (4)
cat catalyst
i for ith component

Abbreviations
B benzene
DEB diethylbenzene
E ethanol
EB ethylbenzene
T toluene
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were obtained from J. Heyrovsky Institute of Physical Chemistry,
P/O para to ortho

In a recent publication, Odedairo and Al-Khattaf [32] investi-
ated the ethylation of benzene with ethanol over ZSM-5-based
atalyst. It was found that, the reaction proceeded via two alky-
ation steps producing EB and diethylbenzene (DEB), respectively.
he apparent activation energy for benzene ethylation was found
o be 32.28 kJ/mol.

Several researchers have reported the studies on alkylation reac-
ions over ZSM type zeolites, [33–36] but only a few researchers
ave performed alkylation reactions over mordenite-zeolite. Young
21] reported alkylation of benzene over H-ZSM-12 and H-

ordenite dealuminated by HCl. The author obtained a benzene
onversion of 98% over H-mordenite and a conversion of 54% over

-ZSM-12. Recently, Wang et al. [37] reported the alkylation of ben-
ene over a commercial mordenite, which contained 30% Al2O3 as
he binder, was studied in a fixed-bed reactor at over 1.0 MPa and
conversion of 95% was achieved.
ysis A: General 385 (2010) 31–45

Odedairo and Al-Khattaf [38] also studied the ethylation of ben-
zene over Y-zeolite-based catalysts. Toluene was reported to be
one of the major products, which was formed as a result of EB
cracking.

Zeolite SSZ-33 (CON topology) possesses a channel system com-
plied of intersecting 12-ring and 10-ring pores; it is the first
synthetic zeolite having 4-4 = 1 SBU (secondary building unit) in
the structure [39]. Recently, Corma et al. [40] studied the alky-
lation of benzene with ethanol over SSZ-33 in comparison with
other zeolite-based catalysts. They found that the activity of SSZ-
33 for the conversion of ethanol and benzene is the highest among
the four zeolites studied, while the activity of the others (ZSM-5,
Beta/Ge and ITQ-22) is very similar.

TNU-9 represents a new three-dimensional zeolite with 10-
ring channel systems, being rather similar to the industrially most
frequently employed ZSM-5. The size of the channels of TNU-9
is 0.52 nm × 0.60 nm and 0.51 nm × 0.55 nm, thus a slightly larger
zeolite compared with ZSM-5 [41]. A recent diffraction analysis
coming as a seminal breakthrough describes the structure solu-
tion of a material, TNU-9, that has the greatest number of unique
symmetry tetrahedral atoms in the structure (22) of any material
solved to date [42].

In this work, the catalytic activity of a novel zeolite TNU-9 pos-
sessing 10-10-10-ring system is compared with SSZ-33, ZSM-5 and
mordenite in benzene ethylation. Although there are many studies
on ethylation of benzene with ethanol over ZSM-5 and mordenite-
based catalyst, while a few have been reported over SSZ-33 and
none over TNU-9-based catalyst. Most of them are related to cat-
alyst development and elucidation of reaction mechanism. To our
knowledge, the kinetic study over TNU-9, SSZ-33 and mordenite-
based catalyst in the ethylation of benzene with ethanol has not
been reported in the open literature and has not been carried out
in a riser simulator. A simplified kinetic model which describes the
reaction under the present conditions will be developed. The pro-
posed model will be tested with the obtained experimental data
and the model parameters estimated using nonlinear regression
analysis.

2. Experimental

2.1. Preparation of catalysts

The uncalcined proton form of mordenite (H-mordenite) zeo-
lite (HSZ-690HOA) used in this work was obtained from Tosoh
Chemicals, Japan. The mordenite has silica to alumina ratio of
180. An alumina binder (Cataloid AP-3) contains 75.4 wt% alumina,
3.4% acetic acid and water as a balance. The alumina binder was
obtained from CCIC Japan. The alumina binder was dispersed in
water and stirred for 30 min to produce thick slurry. The zeolite
powder was then mixed with alumina slurry to produce a thick
paste. The composition of the zeolite-based catalyst in weight
ratio is as follows: Mordenite: AP-3 (2:1). The uncalcined proton
form of ZSM-5 (CT-405) used in this study was obtained from
CATAL, UK. The ZSM-5 has silica to alumina ratio of 30. Simi-
lar procedure used for the preparation of the mordenite-based
catalyst used in this study was also followed for the prepara-
tion of the ZSM-5-based catalyst. The composition of the ZSM-5
zeolite-based catalyst in weight ratio is as follows: ZSM-5: AP-3
(2:1). Zeolite SSZ-33 and TNU-9 and their characterization data
(XRD—not provided in the text, SEM, FTIR) used in this study
Academy of Science of the Czech Republic, Prague, Czech Republic.
Alumina was added to these zeolites (SSZ-33 and TNU-9) adopting
the same procedure used for mordenite and ZSM-5-based cata-
lyst.
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The shape and size of all zeolites were determined by scanning
Fig. 1. Schematic diagram of the riser simulator.

.2. Characterization of catalysts

Surface areas were obtained from N2 physical adsorption
sotherms by applying BET method with Quantachrome AUTO-
ORB-1 (model ASI-CT-8). The samples were preheated at 373 K
or 3 h in flowing N2. Type and concentration of acid sites in all zeo-
ites were determined by adsorption of pyridine as probe molecules
ollowed by FTIR spectroscopy (Nicolet 6700 FTIR) using the self-
upported wafers technique. Prior to adsorption, self-supporting
eolite wafers were activated in situ by evacuation at temperature
50 ◦C over night. Adsorption of pyridine proceeded at 150 ◦C for
0 min at partial pressure 5 Torr.

The concentrations of Bronsted and Lewis acid sites were calcu-
ated from the integral intensities of individual bands characteristic
f pyridine on Bronsted acid sites at 1550 cm−1 and band of pyridine
n Lewis acid sites at 1455 cm−1 and molar absorption coefficient
43] of ε(B) = 1.67 ± 0.1 cm �mol−1 and ε(L) = 2.22 ± 0.1 cm �mol−1,
espectively. The infrared spectra of absorbed pyridine on SSZ-33
ere recently discussed in detail by Gil et al. [44].

.3. Reaction procedure

Benzene ethylation was carried out in the riser simulator (see
ig. 1). This reactor is bench scale equipment with internal recy-
le unit invented by de Lasa [45]. A detailed description of various
iser simulator components, sequence of injection and sampling
an be found in Kraemer [46]. Catalytic experiments were car-
ied out in the riser simulator with a feed mixture of benzene
nd ethanol for residence times of 3, 5, 7, 10, 13, 15 and 20 s at
emperatures of 250, 275 and 300 ◦C. Analytical grade (99% purity)
ure benzene and ethanol were obtained Sigma–Aldrich. All chem-

cals were used as received, and no attempt was made to further
urify the samples. The feed molar ratio of benzene to ethanol is
:1. About 800 mg of the fluidizable catalyst particles (60-�m aver-
ge size) were weighed and loaded into the riser simulator basket.
he system was then sealed and tested for any pressure leaks by
onitoring the pressure changes in the system. Furthermore, the

eactor was heated to the desired reaction temperature. The vac-
um box was also heated to ∼250 ◦C and evacuated to a pressure
f ∼0.5 psi to prevent any condensation of hydrocarbons inside
he box. The heating of the riser simulator was conducted under
ontinuous flow of inert gas (Ar), and it usually takes a few hours
ntil thermal equilibrium is finally attained. Meanwhile, before the
nitial experimental run, the catalyst was activated for 15 min at
20 ◦C in a stream of Ar. The temperature controller was set to the
esired reaction temperature, and in the same manner, the timer
as adjusted to the desired reaction time. At this point, the GC is
Fig. 2. SEM images of SSZ-33 (A) and TNU-9 (B).

started and set to the desired conditions. Once the reactor and the
gas chromatograph have reached the desired operating conditions,
0.162 g of the feedstock was injected directly into the reactor via a
loaded syringe. After the reaction, the four-port valve opens imme-
diately, ensuring that the reaction was terminated and the entire
product stream was sent on-line to analytical equipment via a pre-
heated vacuum box chamber. The products were analyzed in an
Agilent 6890N gas chromatograph with a flame ionization detec-
tor and a capillary column INNOWAX, 60-m cross-linked methyl
silicone with an internal diameter of 0.32 mm. During the course
of the investigation, a number of runs were repeated to check for
reproducibility in the experimental results, which were found to
be excellent. Typical errors were in the range of ±2%.

3. Results and discussion

3.1. Characterization of zeolites and catalysts used

X-ray powder patterns of all zeolites under study exhibited good
crystallinity and characteristic diffraction lines (not shown here).
electron microscopy (Jeol, JSM-5500LV). Fig. 2 shows typical SEM
images of zeolites SSZ-33 and TNU-9. The SEM images evidence
the absence of impurities including an amorphous one. The crys-
tal sizes of all zeolites used in this present study were between
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Table 1
Characteristics of samples used in this work.

Sample code Si/Al Lewis sites (mmol/g) Bronsted sites (mmol/g) Lewis sites (%) Bronsted sites (%) BET (m2/g)

Parent-ZSM-5 30.0 0.13 0.24 35 65
F.C.-ZSM-5 20.3 0.28 0.21 57 43 304
Parent-TNU-9 21.9 0.15 0.43 26 74
F.C.-TNU-9 19.3 0.25 0.33 43 57 330
Parent-MOR 180 <0.002 0.03 4 96
F.C.-MOR 135.9 0.12 0.03 80 20 441
Parent-SSZ-33 18 0.43 0.30 59 41
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F.C.-SSZ-33 13.6 0.48 0.18
AP-3 0.64 0

.C.—Final Catalyst.

.3 and 1 �m. Table 1 provides the quantitative evaluation of FTIR
pectra of parent zeolites and final catalysts. For application of
eolites in acid catalyzed reactions, the concentration of acid sites
Bronsted and Lewis types) is of utmost importance. The concen-
ration of Bronsted acid sites and all acid sites of all catalysts under
tudy is presented in Table 1. In this case the following sequences
ere obtained: mordenite < SSZ-33 < ZSM-5 < TNU-9 for Bronsted

ites and mordenite < ZSM-5 < TNU-9 < SSZ-33 for all sites. It was
bserved that addition of alumina binder led to the decrease in
i/Al ratio for all catalysts and to a simultaneous increase in the
oncentration of Lewis acid sites.

.2. Ethylation of benzene over mordenite (M-catalyst)

.2.1. Benzene conversion
The formation of ethylbenzene (EB), diethylbenzene (DEB) and

riethylbenzene (TEB) (Table 2) via ethylation of benzene with
thanol was studied over mordenite-based catalyst at 250, 275, and
00 ◦C for residence times of 3, 5, 7, 10, 13, 15 and 20 s. Benzene
onversions of approximately 20.2, 14.5, and 9.7% were achieved
t 300, 275 and 250 ◦C, respectively, for a reaction time of 20 s, as

hown in Fig. 3. At all reaction times studied, the maximum ben-
ene conversion was obtained at 300 ◦C. The experimental results
howed that the conversion occurred via ethylation. The major
roduct of the ethylation reaction over M-catalyst is ethylbenzene.

ig. 3. Variation of benzene conversion with time-on-stream achieved over
ordenite-based catalyst at 250 (�), 275 (©) and 300 ◦C (�) for catalyst/feed = 5.
72 28 448
100 0 280

A maximum EB yield of ∼10.2% was obtained at 300 ◦C at a ben-
zene conversion of 20.2% for a reaction time of 20 s. Diethylbenzene
was also observed in significant amount in the ethylation reaction
over mordenite-based catalyst. The highest triethylbenzene (TEB)
yield of ∼3.0% was achieved at 300 ◦C at 20.2% benzene conver-
sion. The product distribution is partially reproduced in Table 2.
Formation of ethylbenzene represents the primary ethylation step,
while the ethylation reaction of EB with ethanol represents the sec-
ondary ethylation reaction. A tertiary ethylation reaction was also
observed in this reaction, which led to the formation of triethyl-
benzene (TEB). The formation of TEB is as a result of the channel
opening of mordenite that is large enough for the alkylation reac-
tion. The channel opening provides larger reaction volume enabling
consecutive reactions of DEB to proceed.

3.2.2. Ethylbenzene and DEB Yield
The yield of ethylbenzene was found to increase with both tem-

perature and time, up to a maximum of ∼10.2% at 300 ◦C for a
reaction time of 20 s. This corresponds to an ethylbenzene selec-
tivity of ∼50.7%. Cracking of ethylbenzene to produce toluene was
not observed in this reaction compared to the pronounced EB crack-
ing reported in our recent publication [38] over USY-zeolite-based
catalyst.

Similar to ethylbenzene yield, diethylbenzene yield was noticed
to increase with both time and temperature. A maximum of ∼6.3%
yield of DEB was obtained at 300 ◦C at a benzene conversion of
∼20.2% for a reaction time of 20 s. The experimental results showed
that m-DEB was found to be in significant amount more than
other DEB isomers detected in this ethylation reaction. The ther-
modynamic equilibrium mixture of diethylbenzenes (para: meta:
ortho = 30:54:16) reported by Kaeding [47] and Halgeri [48] was
compared with the DEB isomers obtained under this present study.
It can be observed from Table 2 that, for all the reaction conditions
studied; p/o ratio was found to be between 1.5 and 3.2, which com-
pared favorably well with the thermodynamic equilibrium values
given by previous researchers.

3.3. Ethylation of benzene over ZSM-5 (Z-catalyst)

3.3.1. Benzene conversion
The main products obtained from the ethylation reaction of

benzene with ethanol over ZSM-5-based catalyst were ethylben-
zene and diethylbenzene (Table 3). Small amount of toluene and
gaseous hydrocarbon was also noticed from the reaction products.
A maximum benzene conversion of ∼21.7% was obtained at 300 ◦C
for a reaction of 20 s. The conversion of benzene was observed to
increase with reaction temperature and time, as shown in Fig. 4.

This is in conformity with observation made by Odedairo and Al-
Khattaf [32] during the ethylation of benzene over ZSM-5-based
catalyst, in which kaolin and alumina were used as the filler and
silica sol was used as the binder. About 2.2–8.6% of toluene was
also noticed in this ethylation reaction over ZSM-5-based catalyst,
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Table 2
Product distribution (wt%) at various reaction conditions for the ethylation of benzene over mordenite-based catalyst.

Tempearture (◦C) Time (s) Benzene conv (%) EB Toluene Gases m-DEB p-DEB o-DEB Total DEB TEB
250

5 0.81 0.49 – – 0.08 0.03 0.02 0.13 0.19
10 4.33 2.37 – 0.09 0.49 0.27 0.13 0.89 0.98
15 7.92 4.05 – 0.23 1.08 0.44 0.22 1.74 1.90
20 9.72 4.83 – 0.26 1.44 0.55 0.28 2.27 2.36

275
5 4.30 2.51 – – 0.59 0.22 0.12 0.93 0.86

10 9.92 5.24 – 0.20 1.59 0.65 0.26 2.50 1.98
15 13.51 6.67 – 0.36 2.28 0.98 0.36 3.62 2.86
20 14.53 7.26 – 0.36 2.55 1.12 0.37 4.04 2.87

300
5 8.07 4.61 – 0.12 1.40 0.63 0.21 2.24 1.10

10 13.55 7.07 – 0.25 2.52 1.13 0.36 4.01 2.22
15 18.16 9.30 0.18 0.45 3.47 1.57 0.49 5.53 2.70
20 20.16 10.23 0.25 0.46 3.93 1.78 0.55 6.26 2.96

T = 250–300 ◦C and catalyst/feed = 5.

Table 3
Product distribution (wt%) at various reaction conditions for the ethylation of benzene over ZSM-5-based catalyst.

Tempearature (oC) Time (s) Benzene Conv (%) EB Toluene Gases m-DEB p-DEB o-DEB Total DEB

250
5 4.13 3.01 0.09 0.08 0.50 0.43 0.03 0.95

10 10.76 7.55 0.34 0.25 1.27 1.25 0.10 2.62
15 12.74 8.90 0.48 0.30 1.49 1.46 0.11 3.06
20 16.10 11.23 0.70 0.34 1.94 1.72 0.17 3.83

275
5 8.24 5.96 0.32 0.20 0.93 0.75 0.08 1.76

10 14.75 10.63 0.84 0.34 1.54 1.25 0.15 2.94
15 17.54 12.21 0.87 0.37 2.13 1.78 0.18 4.09
20 19.29 13.29 1.12 0.52 2.33 1.81 0.22 4.36

300
5 7.78 5.62 0.54 0.26 0.73 0.55 0.08 1.36

10 14.28 10.12 1.24 0.39 1.36 1.01 0.15 2.53
15 19.02 13.20 1.42
20 21.70 14.94 1.88

T = 250–300 ◦C and catalyst/feed = 5.

Fig. 4. Variation of benzene conversion with time-on-stream achieved over ZSM-
5-based catalyst at 250 (�), 275 (©) and 300 ◦C (�) for catalyst/feed = 5.
0.68 2.06 1.42 0.23 3.71
0.88 2.29 1.44 0.27 4.00

as compared with a negligible amount reported in our recent pub-
lication over another catalyst which was also based on ZSM-5 [32].
The small amount of toluene observed in this ethylation reaction is
due to the higher acidity of the ZSM-5 used in this present study as
compared with the one previously reported, which was of a lower
acidity (0.23 mmol/g). The noticeable amount of toluene observed
at the higher temperatures, is probably formed from the cracking
of ethylbenzene.

A possible mechanism to represent the ethylation of benzene
with ethanol over ZSM-5 is illustrated in Scheme 1. Surface pro-
ton attacks ethanol to form water and surface ethyl cation (ethoxy
cation). An ethyl cation attacks benzene molecule to form proto-
nated ethylbenzene on the surface. The protonated ethylbenzene
returns a proton to the surface and forms ethylbenzene. Thereafter,
surface ethyl cation (ethoxy cation) attacks ethylbenzene ring car-
bon atom at ortho, meta or para position atom to form a surface
protonated diethylbenzene. The surface protonated diethylben-
zene returns a proton to the surface and forms diethylbenzene.

3.3.2. Ethylbenzene and DEB Yield
The yield of ethylbenzene increased with reaction time and tem-

perature, up to ∼14.9% at 300 ◦C, for a reaction time of 20 s. EB yield

of 13.3 and 11.2% was also obtained at 275◦C and 250 ◦C, respec-
tively. An optimum yield of ∼4.4% of DEB was noticed at 275 ◦C
for a reaction time of 20 s. As temperature was further increased
to 300 ◦C, a slight decrease in DEB yield was observed to a value of
∼4.0%. In the ethylation reaction of benzene with ethanol over ZSM-
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Scheme 1. Proposed overall react

-based catalyst, the formation of para-isomers can be expected to
roceed almost entirely in the zeolite channel system, while the
ormation of meta- and ortho-isomers proceeds on the external
urface. The p/o ratio obtained from the ethylation of benzene with
thanol over ZSM-5-based catalyst was found to range between
5.3 and 14.3. This value was noticed to be far above the ther-
odynamic equilibrium value given by Kaeding [47] and Halgeri

48].
It is of paramount importance to note that triethylbenzene

as not formed in the ethylation reaction over ZSM-based cata-
yst. Even if the alkylation product (TEB) is formed in the large
hannel intersections, its chances to leave the channel would be
ery small. This also goes to ascertain the fact that zeolite with
0 rings usually exhibits restricted transition-state and product
hape selectivity being particularly important in para-selective
eactions such as toluene disproportionation, xylene isomeriza-
ion, and toluene alkylation with methanol, ethylene/ethanol and
ropylene/propanol [49–56].

.4. Ethylation of benzene over SSZ-33

Ethylbenzene and toluene were observed to be the main prod-
cts obtained from the ethylation of benzene with ethanol over
SZ-33. Benzene conversion was found to increase with reaction
ime for all temperatures studied, reaching maximum of ∼27% at
75 ◦C. Toluene selectivity shows a high dependence on reaction
emperature over SSZ-33 catalyst, showing a toluene selectivity
ise from ∼25 to 43% and then to ∼54% for temperatures of 250,
75, and 300 ◦C, for 20 s reaction time, respectively. The selectivity
f toluene increased with increase in temperature. The significant
ncrease in the selectivity of toluene indicates that the ethylben-
ene formed undergoes cracking at higher temperature. Gao et al.
30] gave similar explanation when traces of toluene were found
n the alkylation of benzene with ethanol over ZSM-5-based cat-

lyst. They attributed the formation of toluene to the cracking of
thylbenzene over Bronsted acid sites.

Ethylbenzene selectivity decreased steadily with increase in
emperature over SSZ-33-based catalyst to minimum of ∼34% at
00 ◦C for a reaction time of 20 s. It is evident from Table 4 that
heme during benzene ethylation.

as temperature was increased from 250 to 300 ◦C; more toluene
was formed due to ethylbenzene cracking, leading to a decrease in
the selectivity of ethylbenzene at higher temperature. Negligible
amount of DEB was noticed at 250 ◦C, while no DEB was formed at
the higher temperatures.

According to the product distribution over SSZ-33-based cat-
alyst, a possible reaction mechanism representing the reaction
of benzene with ethanol over SSZ-33 is given by Scheme 2.
Surface proton attacks ethanol to form water and surface ethyl
cation (ethoxy cation). An ethyl cation attacks benzene molecule
to form protonated ethylbenzene on the surface. The protonated
ethylbenzene returns a proton to the surface and forms ethyl-
benzene. Surface proton reacts with ethylbenzene to form a
carbonium ion I. These carbonium ion I form surface methyl cation
(methyoxy cation) and toluene. The surface methyl cation formed
reacts with benzene molecule to form protonated toluene. The
protonated toluene returns a proton to the surface and forms
toluene.

3.5. Ethylation of benzene over TNU-9

Table 5 shows the product distribution of TNU-9 catalyst in the
ethylation of benzene with ethanol at variable temperatures of 250,
275 and 300 ◦C. EB, toluene, DEB and gaseous hydrocarbons were
found in the ethylation reaction. Benzene conversion increased
with reaction time, up to a maximum of ∼25.0% at 300 ◦C.

Ethylation was noticed to be the major reaction, while at
elevated temperatures the cracking reaction is also important.
Cracking reaction of EB and DEB was observed at elevated temper-
atures, leading to increased cracking product (toluene) at elevated
temperatures. The ethylation and cracking reaction noticed over
TNU-9-based catalyst in the ethylation reaction of benzene with
ethanol is similar to the reactions observed during benzene ethy-
lation with ethanol over USY catalyst reported in our recent

publication [38]. Both toluene and EB selectivity shows a high
dependence on temperature over TNU-9 catalyst. The selectiv-
ity of toluene increased with increase in temperature, while the
selectivity of ethylbenzene and DEB decreased with increase in
temperature.



T. Odedairo, S. Al-Khattaf / Applied Catalysis A: General 385 (2010) 31–45 37

Table 4
Product distribution (wt%) at various reaction conditions for the ethylation of benzene over SSZ-33 catalyst.

Temperature (oC) Time (s) Benzene conv (%) EB Toluene Gases m-DEB p-DEB o-DEB Total DEB

250
5 12.08 7.81 2.01 1.33 0.56 0.29 0.08 0.93

10 18.86 12.93 2.86 1.65 0.88 0.41 0.12 1.42
15 24.17 15.41 4.95 2.11 1.04 0.53 0.13 1.70
20 25.28 14.94 6.26 2.32 1.04 0.58 0.14 1.76

275
5 12.85 8.03 3.25 1.57 – – – –

10 18.57 10.01 6.39 2.17 – – – –
15 25.43 11.85 10.76 2.82 – – – –
20 27.24 12.35 11.75 3.14 – – – –

300
5 16.26 6.76 7.39 2.11 – – – –

10 23.85 7.97 13.34 2.54 – – – –
13.8
14.1

T

3
e

s
T
fi
i
c
e
t
(

15 24.97 8.25
20 26.38 8.87

= 250–300 ◦C and catalyst/feed = 5.

.6. Comparison of catalysts in the ethylation of benzene with
thanol

Fig. 5 provides time-on-stream dependence of benzene conver-
ion at 300 ◦C over zeolite-based catalysts prepared from ZSM-5,
NU-9, SSZ-33 and mordenite materials. It is evident from this
gure that, over all the catalysts studied, benzene conversion
ncreases as expected with increase in reaction time (5–20 s). The
onversion of benzene in the ethylation reaction of benzene with
thanol carried out at 300 ◦C for a contact time of 20 s, follows
he order: SSZ-33 (26%) > TNU-9 (25%) > ZSM-5 (22%) > mordenite
20%).

Scheme 2. Proposed reaction scheme for toluene formatio
9 2.83 – – – –
8 3.33 – – – –

Based on the comparison of the role of structure of the zeo-
lites on benzene conversion in ethylation reaction of benzene with
ethanol, it can be inferred that more open structure of SSZ-33-
based catalyst (12-12-10-ring), which has been known to combine
both large and medium pore channels [8], allows a higher reaction
rate and faster diffusion of both reactants and products in com-
parison with the medium pore (10-ring) ZSM-5 and TNU-9 zeolite.

Similar explanation was given during toluene disproportionation
reaction over zeolite-based catalysts when an increase in toluene
conversion was observed [57]. They attributed the increase in con-
version to the increase in the size of channels from medium to
large pore zeolites. The above trend in which the lowest benzene

n during benzene ethylation reaction with ethanol.
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ig. 5. Time-on-stream dependence of benzene conversion in benzene ethylation
ver ZSM-5 (�), TNU-9 (©), SSZ-33 (�) and mordenite (�) at 300 ◦C for cata-
yst/feed = 5.

onversion was noticed over mordenite-based catalyst is expected
ince mordenite, with a set of 12-ring channels interconnected by
nother set of 8-ring cross channels, in which the cross channels
re sufficiently small that they do not provide a means for trans-
ort of molecules between adjacent passageways [58]. It was also
ointed out that with respect to hydrocarbons, the structure is
ffectively one-dimensional and may be regarded as an array of
arallel, noninterconnecting channels. Similarly, it has also been
eported by Chen et al. [59] that in mordenite, the eight-membered
ing channels with aperture size of 2.6 Å × 5.7 Å which crosses
he 12-membered ring channels are actually windows rather than
hannels and they found it not readily accessible to chromium ions
uring metal exchange. Abdullah et al. [60] reported that such nar-
ow apertures make it difficult for benzene molecule to diffuse. In
ddition, Zilkova et al. [8] found the 8-ring channels of mordenite

naccessible for toluene as well.

The calculated concentrations of Bronsted and Lewis sites are
resented in Table 1. Individual zeolite-based catalysts under study
ary in Si/Al ratio as well as in the concentrations of Bronsted

able 5
roduct distribution (wt%) at various reaction conditions for the ethylation of benzene ov

Temperature (◦C) Time (s) Benzene Conv (%) EB Tolu

250
5 10.92 6.90 1.43

10 17.65 10.89 2.49
15 23.78 14.84 3.37
20 25.01 15.19 3.95

275
5 12.19 7.46 1.87

10 20.94 12.20 4.02
15 24.20 13.55 5.07
20 24.58 13.60 5.29

300
5 12.41 6.09 2.91

10 19.53 10.09 5.11
15 24.31 11.54 7.64
20 25.06 11.78 7.83

= 250–300 ◦C and catalyst/feed = 5.
Fig. 6. Product selectivity of benzene ethylation over the different catalysts at 18%
benzene conversion (catalyst/feed = 5, reaction temperature: 250, 275 and 300 ◦C).

and Lewis acid sites. The order of the concentrations of Bronsted
acid sites, calculated for the different catalysts, is mordenite < SSZ-
33 < ZSM-5 < TNU-9. If the total amount of acid sites (Bronsted
plus Lewis) is taken into account, the order is slightly different:
mordenite < ZSM-5 < TNU-9 < SSZ-33, mainly because of the high
concentration of Lewis sites in zeolite SSZ-33. In both cases, mor-
denite gave the least amount of acid sites for both the Bronsted acid
sites as well as in all acid sites (Bronsted plus Lewis). Mordenite,
possessing the lowest amount of acid sites, gave the lowest ben-
zene conversion as compared with other zeolite-based catalysts.
Catalyst based on ZSM-5 showed comparable benzene conversions
with the one noticed over mordenite-based catalyst. The lowest
benzene conversion over mordenite- and ZSM-5-based catalyst is
due to larger pores of mordenite with low amount of acid sites pro-
viding similar results as ZSM-5 with smaller channels but higher
concentration of acid sites. Therefore, in the case of mordenite,
its unique channel architecture as well as low amount acid sites
accounts for the low benzene conversion noticed over this zeolite-

based catalyst.

The product selectivity during the ethylation of benzene with
ethanol over ZSM-5, TNU-9, SSZ-33 and mordenite-based catalyst
is compared in Fig. 6 at constant conversion level of 18% at 250,

er TNU-9 catalyst.

ene Gases m-DEB p-DEB o-DEB Total DEB

0.81 1.09 0.58 0.11 0.95
1.39 1.79 0.97 0.15 2.88
1.63 2.44 1.27 0.23 3.94
1.73 2.57 1.34 0.23 4.14

0.85 1.23 0.65 0.13 2.01
2.10 1.60 0.84 0.18 2.62
2.23 2.08 1.07 0.20 3.35
2.25 2.12 1.10 0.22 3.44

1.38 1.19 0.45 0.10 1.38
1.88 1.49 0.80 0.15 2.45
2.16 1.72 1.07 0.18 2.97
2.26 1.97 1.01 0.21 3.19
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is between 0 and 0.42 at 250 C for the benzene ethylation over all
ig. 7. Effect of benzene conversion on ethylbenzene selectivity (catalyst/feed = 5,
eaction temperature 275 ◦C).

75 and 300 ◦C reaction temperatures. The results show that ethyl-
enzene (EB) is obtained as the most predominant product over all
he catalysts. The formation of EB with high selectivity over all the
atalysts might be due to its free diffusion without steric hindrance
hrough the pores of the catalysts. Catalyst based on ZSM-5 gave
he highest EB selectivity of ∼70%, and mordenite-based catalyst
ave the lowest with an EB selectivity of ∼51%. SSZ-33 gave the
ighest toluene selectivity of ∼34% among all the catalysts studied,
t a constant benzene conversion of 18%. It is worth mentioning
hat DEB was not observed over SSZ-33 catalyst at all conversion
evels, except at 250 ◦C, which gave negligible amount of DEB. In
ontrast, a significant amount of DEB was obtained over morden-
te as compared to SSZ-33 catalyst. Mordenite, however, gave the
owest selectivity towards toluene, particularly at lower reaction
emperatures.

With respect to the ethylation products, it can be seen from Fig. 6
hat TNU-9 behaves like the 10-ring ZSM-5 for EB and DEB selec-
ivity, while SSZ-33 shows no selectivity towards DEB. The effect of
enzene conversion on ethylbenzene selectivity at 275 ◦C over all
eolite-based catalysts under study is given in Fig. 7. EB selectiv-
ty over SSZ-33, mordenite and TNU-9-based catalyst shows a high
ependence on benzene conversion and was noticed to decrease as
enzene conversion increases. Ethylbenzene selectivity over ZSM-
-based catalyst on the other hand, shows a moderate dependence
n benzene conversion. Fig. 8a shows the effect of conversion of
enzene on diethylbenzene selectivity at 275 ◦C. It can be noted
hat the diethylbenzene selectivity depends on both type of catalyst
nd temperature (Fig. 8a and b). On the other hand, in all cases mor-
enite has shown higher selectivity, followed by ZSM-5 and TNU-9,
hile the SSZ-33 has shown no selectivity of diethylbenzene at

his particular temperature. Both ZSM-5 and TNU-9 catalysts have
hown the maximum selectivity at 250 ◦C, after which an obvious
rop can be seen. In the case of mordenite, diethylbenzene selectiv-

ty increased with conversion and reaction temperature in which
he maximum selectivity was obtained at 300 ◦C. This trend is clear

n Fig. 8b, where the comparison is performed for 20 s reaction time.

The ratio of toluene to ethylbenzene has been plotted versus
enzene conversion for its ethylation reaction over mordenite-,
SM-5-, SSZ-33- and TNU-9-based catalysts as shown in Fig. 9a. The
Fig. 8. (a) Effect of benzene conversion on diethylbenzene selectivity at 275 ◦C on
catalysts (�) mordenite, (�) ZSM-5, (�) SSZ-33 and (�) TNU-9. (b) Benzene ethyla-
tion: effect of temperature on diethylbenzene selectivity at reaction time of 20 s on
(�) mordenite, (�) ZSM-5, (�) SSZ-33 and (�) TNU-9.

toluene/EB ratios at 250 ◦C were found in the order: MOR < ZSM-
5 < TNU-9 < SSZ-33 (Fig. 9a). The above trend is completely reverse
to the trend which was noticed in the case of DEB selectivity with
benzene conversion in the sense that, in all cases, SSZ-33 gave
the lowest selectivity. This trend confirms that little or no crack-
ing of ethylbenzene occurred over mordenite-based catalyst, which
accounts for the high DEB selectivity noticed over mordenite cata-
lyst, since the production of DEB is at the expense of ethylbenzene
conversion to DEB (second ethylation step). The ratio of toluene/EB

◦

the zeolite-based catalysts under study. However, as temperature
increases, the ratio increased from 0.42 to about 1.68 (i.e., four times
more) as shown in Fig. 9b. Cracking of the ethylation product (EB)
is responsible for the higher toluene-to-EB ratio at higher tempera-
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ig. 9. Toluene/EB ratio with benzene conversion at (a) 250 ◦C and (b) 300 ◦C on
atalysts (�) mordenite, (�) ZSM-5, (�) SSZ-33 and (�) TNU-9.

ures. The effect of total acid sites on toluene formation at constant
onversion level of 20% at 300 ◦C over all the zeolite-based catalysts
nder study is given in Fig. 10. The yield of toluene increased with

ncrease in total acid sites. It was observed that a maximum toluene
ield of about 10.3% was obtained at 300 ◦C over SSZ-33-based cat-
lyst at 20% benzene conversion. Therefore, to reduce cracking of
thylbenzene in the ethylation reaction over all the zeolite-based
atalysts, the total acid sites need to be balanced.

It is a well-established fact that the formation of dialkylbenzenes
rovides vital knowledge on the structure and acidity of zeolite
atalysts [8]. From product diffusion shape selectivity effects, it is
xpected that the p/o ratio of the DEB isomers would be higher

n medium pore ZSM-5-based catalyst than in the large pore zeo-
ite. Within the distribution of isomers in the DEB, ZSM-5 showed
he highest p/o ratio of ∼9.9 at constant conversion level of 18%,
hile the lowest was noticed over SSZ-33. In conclusion, accord-

ng to the results presented above, ZSM-5-based catalyst shows a
Fig. 10. Effect of total acid sites on toluene formation at 300 ◦C at 20% benzene
conversion.

slightly higher selectivity towards the formation of EB than TNU-9
and a much higher EB selectivity than SSZ-33 and mordenite-based
catalyst.

4. Kinetic modeling

In this section, a comprehensive universal kinetic model for ben-
zene ethylation over all the zeolite-based catalysts under study was
developed. To develop a suitable kinetic model representing the
overall ethylation of benzene with ethanol, we propose the reaction
network shown in Scheme 3.

4.1. Model development for ethylation reaction over
mordenite-based catalyst

Based on the product distribution observed in the ethylation
reaction over mordenite-based catalyst (Table 2), a suitable kinetic
model representing the ethylation reaction can be developed. Since
toluene was not observed as one of the products in the ethylation
reaction over mordenite-based catalyst, the cracking of ethylben-
zene as well as the cracking of diethylbenzene can therefore be
neglected.

It should be noted that the following assumptions were made
in deriving the reaction network:

1. An irreversible reaction path is assumed for the ethylation reac-
tions. Similar assumption was made by Sridevi et al. [61].

2. Catalysts deactivation is assumed to be a function of reactant
conversion (RC). A single deactivation function is defined for all
the reactions taking place.

3. Isothermal operating conditions can also be assumed given the
design of the riser simulator unit and the relatively small amount
of reacting species [45].This is justified by the negligible temper-
ature change observed during the reactions.

4. A pseudo-first-order reaction kinetic for all species involved in
the reactions.
5. Negligible thermal conversion.
6. A single effectiveness factor was considered for benzene, ethyl-

benzene and triethylbenzene.
7. The effectiveness factor � was taken to be unity. This assumption

was made based on the fact that p-xylene formed by catalytic
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reaction can easily escape via the pores of ZSM-5 [62] comparing
mordenite with a larger pore opening; no diffusion restriction is
expected in this reaction.

Therefore, kx2 and kx4 ≈ 0, (where x = m in the case of mordenite).
he following set of species balances and catalytic reactions can be
ritten:

Rate of disappearance of benzene:

V

Wc

dCB

dt
= �km1CBCEϕ (1)

Rate of formation of ethylbenzene:

V

Wc

dCEB

dt
= (�km1CBCE − �km3CEBCE) ϕ (2)

Rate of diethylbenzene formation:

V

Wc

dCDEB

dt
= (�km3CEBCE − �km5CDEBCE) ϕ (3)

Rate of triethylbenzene formation:

V

Wc

dCTEB

dt
= �km5CDEBCEϕ, (4)

here CB is the benzene concentration, CEB is the concentration of
thylbenzene, CDEB is the concentration of diethylbenzene, CTEB is
he concentration of triethylbenzene in the riser simulator, V is the
olume of the riser (45 cm3), WC is the mass of the catalyst (0.81 g
f catalyst), t is the time (s), ϕ is the apparent deactivation function,
= an effectiveness factor and k is the rate constant (cm3/(g of cat-
lyst.s)). By definition the molar concentration, Cx, of every species
n the system can be related to its mass fraction, yx (measurable
rom GC), by the following relation:

x = yxWhc

V MWx
, (5)

here Whc is the weight of feedstock injected into the reactor, MWx

s the molecular weight of specie x in the system, V is the volume
f riser simulator.

Regarding catalyst deactivation, as deactivation functions can
e expressed in terms of the catalyst time-on-stream [ϕ = exp (-
t)], deactivation can also be related to the progress of the reaction

63]. The deactivation function based on time-on-stream was ini-
ially suggested by Voorhies [64], since then this model has been
ccepted and used extensively in the FCC literature. A different
pproach for deactivation functions, based on coke concentration,
as proposed by Froment and Bischoff [65]. As a result; a sto-

chiometric relationship can be established, as demonstrated by
l-Khattaf and de Lasa [66] and Al-Khattaf et al., [63] between
he amount of reactant and amount of coke produced. This allows
or the use of a so-called “reactant conversion” model. This type
f model has been reported to incorporate a sound mechanis-
ic description of catalyst deactivation [67], allows for changes of
hemical species without extra requirement of measuring the coke
.

concentration [66]. For the reactant conversion model the deacti-
vation function is

ϕ = exp(−�(1 − yB)), (6)

where � is catalyst deactivation constant. Substituting Eqs. (5) and
(6) into Eqs. (1)–(4), we have the following first-order differential
equations which are in terms of weight fractions of the species:

dyB

dt
= −�F1km1yByE

Wc

V
exp(−�(1 − yB)) (7)

dyEB

dt
= [�F2km1yByE − �F1km3yEByE]

Wc

V
exp(−�(1 − yB)) (8)

dyDEB

dt
= [�F3km3yEByE − �F1km5yDEByE]

Wc

V
exp(−�(1 − yB)) (9)

dyTEB

dt
= �F4km5yDEByE

Wc

V
exp(−�(1 − yB)) (10)

F1, F2, F3 and F4 are lumped constants given below:

F1 = Whc

VMWE

F2 = MWEBWhc

VMWBMWE

F3 = MWDEBWhc

VMWEBMWE

F4 = MWTEBWhc

VMWDEBMWE
.

Eqs. (7)–(10) contain seven parameters, km1, km2, km3, Em1, Em2,
Em3 and �, which are to be determined by fitting into experimental
data.

The temperature dependence of the rate constants was rep-
resented with the centered temperature form of the Arrhenius
equation, i.e.

ki = koi exp
[−Ei

R

(
1
T

− 1
To

)]
. (11)

Since the experimental runs were done at 250, 275 and 300 ◦C,
T0 was calculated to be 275 ◦C, where To is an average temperature
introduced to reduce parameter interaction [68], koi is the rate con-
stant for reaction i at To, Wc is the weight of catalyst and Ei is the
activation energy for reaction i.

4.2. Model development for ethylation reaction over
ZSM-5-based catalyst (Z-catalyst)
A kinetic model development for benzene ethylation over ZSM-
5-based catalyst using an activity decay model based on reactant
conversion, which is based on Scheme 3, was developed for the
ethylation reaction over ZSM-5. The slight increase in toluene for-
mation noticed at elevated temperature, which is probably due
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o cracking of ethylbenzene, was not accounted for in the kinetic
odel development.
Therefore, kx2, kx4 and kx5 ≈ 0, (where x = z in the case of ZSM-5-

ased catalyst). The following set of species balances and catalytic
eactions can be written as follows:

Rate of disappearance of benzene:

V

Wc

dCB

dt
= �kz1CBCEϕ (12)

Rate of formation of ethylbenzene:

V

Wc

dCEB

dt
= (�kz1CBCE − �kz3CEBCE) ϕ (13)

Rate of formation of diethyl benzene:

V

Wc

dCDEB

dt
= �kz3CEBCEϕ. (14)

Substituting Eqs. (5) and (6) into Eqs. (12)–(14) results in the
ollowing first-order differential equations which are in terms of
eight fractions of the species:

dyB

dt
= −�H1kz1yByE

Wc

V
exp(−�(1 − yB)) (15)

dyEB

dt
= [�H2kz1yByE − �H1kz3yEByE]

Wc

V
exp(−�(1 − yB)) (16)

dyDEB

dt
= �H3kz3yEByE

Wc

V
exp(−�(1 − yB)) (17)

H1, H2 and H3 are lumped constants given below:

1 = Whc

VMWE

2 = MWEBWhc

VMWBMWE

3 = MWDEBWhc

VMWEBMWE
.

Similar assumptions used in the kinetic model development for
enzene ethylation over mordenite-based catalyst are also appli-
able in the ethylation of benzene with ethanol over ZSM-5-based
atalyst. Eqs. (15)–(17) contain five parameters; kz1, kz2, Ez1, Ez2 and
, which are to be determined by fitting into experimental data.

.3. Model development for ethylation reaction over
SZ-33-based catalyst

In accordance with the products obtained in the ethylation reac-
ion of benzene with ethanol over SSZ-33 (Table 4), a suitable
inetic model based on Scheme 3 was developed. Diethylbenzene
as not accounted for in the model development due to the incon-

istent and insignificant amount of DEB noticed in the ethylation
eaction over SSZ-33, except at 250 ◦C, during which traces of DEB
ere observed.

Therefore, kx3, kx4 and kx5 ≈ 0 (due to absence of TEB), where x = s
n the case of SSZ-33-based catalyst. The following set of species
alances and catalytic reactions can be written as follows:

Rate of disappearance of benzene:

V dCB = �kS1CBCEϕ (18)

Wc dt

Rate of formation of ethylbenzene:

V

Wc

dCEB

dt
= (�kS1CBCE − �kS2CEB) ϕ (19)
ysis A: General 385 (2010) 31–45

Rate of formation of toluene:

V

Wc

dCT

dt
= �kS2CEBϕ (20)

Substituting Eqs. (5) and (6) into Eqs. (18)–(20) results in the
following first-order differential equations which are in terms of
weight fractions of the species:

dyB

dt
= −�G1kS1yByE

Wc

V
exp(−�(1 − yB)) (21)

dyEB

dt
= [�G2kS1yByE − �kS2yEB]

Wc

V
exp(−�(1 − yB)) (22)

dyT

dt
= �G3kS2yEB

Wc

V
exp(−�(1 − yB)). (23)

G1, G2 and G3 are lumped constants given below.

G1 = Whc

VMWE

G2 = MWEBWhc

VMWBMWE

G3 = MWT

MWEB
.

The above proposed model equations were based on the
simplified assumptions stated for both mordenite and ZSM-5-
based catalysts, discussed earlier in Section 4.1. Contained in Eqs.
(21)–(23) are five parameters to be determined by fitting into
experimental data.

4.4. Model development for ethylation reaction over
TNU-9-based catalyst

Based on the product distribution presented in Table 5, in
which both ethylation and cracking reaction occur in the ethyla-
tion of benzene with ethanol over TNU-9-based catalyst, a kinetic
model based on Scheme 3 was developed. Therefore, kx5 ≈ 0 (due to
absence of TEB), where x = TNU in the case of TNU-9-based catalyst.
The following set of species balances and catalytic reactions can be
written as follows:

Rate of disappearance of benzene:

− V

Wc

dCB

dt
= �kTNU-1CBCEϕ (24)

Rate of formation of ethylbenzene:

V

Wc

dCEB

dt
= (�kTNU-1CBCE − (�kTNU-2CEB + �kTNU-3CEBCE)) ϕ (25)

Rate of formation of toluene:

V

Wc

dCT

dt
= �kTNU-2CEBϕ (26)

Rate of diethylbenzene formation:

V

Wc

dCDEB

dt
= (�kTNU-3CEBCE − �kTNU-4CDEB) ϕ. (27)

Substituting Eqs. (5) and (6) into Eqs. (24)–(27) gives the follow-
ing first-order differential equations which are in terms of weight
fractions of the species:

dyB

dt
= −�S1kTNU-1yByE

Wc

V
exp(−�(1 − yB)) (28)
dyEB

dt
= [�S2kTNU-1yByE − (�kTNU-2yEB + �S1kTNU-3yEByE)]

× Wc

V
exp(−�(1 − yB)) (29)
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Table 6
Estimated kinetic parameters for mordenite catalyst based on reactant conversion
(RC model).

Parameters Values

km1 km2 km3 �

Ei (kJ/mol) 59.87 16.08 16.63 3.03
95% CL 3.61 6.54 9.61 1.12
k a × 103 [(m3/kg of catalyst .s)] 0.0065 0.0574 0.0712
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Table 8
Estimated kinetic parameters for ZSM-5 catalyst based on reactant conversion (RC
model).

Parameters Values

kz1 kz2 �

Ei (kJ/mol) 17.12 8.90 2.28
95% CL 2.64 5.80 0.98
k0i

a × 103 [m3/(kg of catalyst.s)] 0.0132 0.0310
95% CL × 103 0.0069 0.0164

a Pre-exponential factor as obtained from Eq. (11); unit for second order (m6/kg
of catalyst.s).

Table 9
Correlation matrix for benzene ethylation over ZSM-5-based catalyst.

kz1 Ez1 � kz2 Ez2 �

kz1,2 1.0000 0.2295 0.7937 1.0000 −0.1668 0.8922
Ez1,2 0.2295 1.0000 0.2332 −0.1668 1.0000 0.4619
� 0.7937 0.2332 1.0000 0.8922 0.4619 1.0000

Table 10
Estimated kinetic parameters for SSZ-33 catalyst based on reactant conversion (RC
model).

Parameters Values

ks1 ks2 �

Ei (kJ/mol) 12.29 67.97 2.94
95% CL 4.72 10.57 0.75
k0i

a × 103 [m3/ 0.0569 3.0000
(kg of catalyst.s)]

T
C

0i

95% CL × 103 0.0030 0.0259 0.0345

a Pre-exponential factor as obtained from Eq. (11); unit for second order (m6/kg
f catalyst.s).

dyT

dt
= �S3kTNU-2yEB

Wc

V
exp(−�(1 − yB)) (30)

dyDEB

dt
= (�S4kTNU-3yEByE−�kTNU-4yDEB)

Wc

V
exp(−�(1 − yB)). (31)

S1, S2, S3 and S4 are lumped constants given below:

1 = Whc

VMWE

2 = MWEBWhc

VMWBMWE

3 = MWT

MWEB

4 = MWDEBWhc

VMWEBMWE
.

Similar assumptions used in the kinetic model development for
enzene ethylation over mordenite-, SSZ-33- and ZSM-5-based cat-
lyst are also applicable to the model development for ethylation
f benzene with ethanol over TNU-9-based catalyst. Eqs. (28)–(31)
ontain nine parameters; kTNU-1–kTNU-4, ETNU-1–ETNU-4 and �, which
re to be determined by fitting into experimental data.

.5. Discussion of kinetic modeling results

The kinetic parameters k0i, Ei, and � for the ethylation reaction
ere obtained using nonlinear regression (MATLAB package). The

alues of the model parameters along with their corresponding
5% confidence limits (CLs) are shown in Tables 6, 8, 10 and 11
RC model), while the resulting cross-correlation matrices are also
iven in Table 7 for mordenite-based catalyst and Table 9 for ZSM-
-based catalyst.

Based on the correlation matrices of the regression analysis
resented in Table 7 for ethylation of benzene over mordenite, it
hows the very low correlations between km1–km3 and Em1–Em3
nd Em1–Em3 and � and the moderate correlation between km1–km3
nd �. Similarly, Table 9 reports the very low correlations between
z1, kz2 and Ez1, Ez2 and Ez1, Ez2, and �. It can be observed that in

he cross-correlation matrices presented in this study, most of the
oefficients remain in the low level with only a few exceptions.

Comparing the energies of activation for benzene ethyla-
ion over mordenite (59.87 kJ/mol), ZSM-5 (17.12 kJ/mol), SSZ-33
12.29 kJ/mol) and TNU-9-based catalyst (10.44 kJ/mol), it can be

able 7
orrelation matrix for benzene ethylation over mordenite-based catalyst.

km1 Em1 � km2

km1,2,3 1.0000 0.5846 0.8903 1.0000
Em1,2,3 0.5846 1.0000 −0.5951 0.3145
� 0.8903 −0.5951 1.0000 0.7968 −
95% CL × 103 0.0193 0.6512

a Pre-exponential factor as obtained from Eq. (11); unit for second order (m6/kg
of catalyst.s).

inferred that the high energy of activation noticed over mordenite-
based catalyst as compared with all other catalysts used in this
study is anticipated, since in mordenite-based catalyst, the cross
channels are sufficiently small and with respect to hydrocarbons,
the structure is effectively one-dimensional and may be regarded
as an array of parallel, noninterconnecting channels [58].

Comparing this to the three-dimensional pore structure of ZSM-
5 [69], containing interconnected channels of 10-ring parallel to
[1 0 0] (5.1 Å × 5.5 Å) and to [0 1 0] (5.3 Å × 5.6 Å), which permits
complete access from one pore to all others in the structure, thereby
permitting the entering of feed molecules as well as moving out of
the product molecules, a much lower apparent energy of activa-
tion is expected over ZSM-5 as compared with mordenite-based
catalyst.

Considering SSZ-33-based catalyst [52], which contains 12- and
10-ring interconnected channels of 6.4 Å × 7.0 Å, 5.9 Å × 7.0 Å (12-
ring parallel to [0 0 1] and [1 0 0], respectively, and 4.5 Å × 5.1 Å (10
MR parallel to [0 1 0]), a lower apparent activation energy for ben-
zene ethylation is expected, as compared with the medium pore
(10-ring) ZSM-5 zeolite. It can be observed that over mordenite
and ZSM-5-based catalysts, benzene ethylation was found to be

higher than the apparent activation energy needed to form DEB, as
a result of ethylbenzene ethylation. The difference in apparent acti-
vation energy for benzene ethylation (59.87 and 17.12 kJ/mol) and
ethylbenzene ethylation (16.08 and 8.90 kJ/mol) noticed over both

Em2 � km3 Em3 �

0.3145 0.7968 1.0000 −0.1222 0.6900
1.0000 −0.3560 −0.1222 1.0000 0.1822
0.3560 1.0000 0.6900 0.1822 1.0000
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Table 11
Estimated kinetic parameters for TNU-9 catalyst based on reactant conversion (RC
model).

Parameters Values

kTNU-1 kTNU-2 kTNU-3 kTNU-4 �

Ei (kJ/mol) 10.44 15.20 24.51 12.82 2.44
95% CL 2.71 1.36 5.79 3.52 0.93
k0i

a × 104 [m3/(kg of catalyst.s)] 0.116 2.700 0.362 16.67

o

c
t
s

l
d
(
r
t
b
i
a
6
n
T
v
m

d
o
i
m
d

5

r
a

1

2

3

4

5

6

7

[
[
[

[

[
[

[
[
[
[
[
[
[

[

[
[
[

[

[
[
[
[
[
[

[
[

[
[

[
[

[
[

95% CL × 104 0.067 0.060 0.022 8.13

a Pre-exponential factor as obtained from Eq. (11); unit for second order (m6/kg
f catalyst s).

atalysts is not unusual, since alkylation reactions of long substi-
uted benzene generally occur with greater ease compared to their
horter substituted counterparts [47].

It is evident from Tables 4 and 5 that the increase in temperature
eads to a larger fraction of cracking products, which clearly vali-
ate the higher apparent activation energies noticed for EB cracking
67.97 and 15.20 kJ/mol) over SSZ-33 and TNU-9-based catalysts,
espectively, as compared with the apparent energies of activa-
ion obtained for benzene ethylation (12.29 and 10.44 kJ/mol) over
oth catalysts. This important difference in energies of activation

s in perfect agreement with previous study [38]. Sridevi et al. [61]
nd Barman et al. [18] reported an apparent energy of activation of
0.03 and 56 kJ/mol for ethylation of benzene over AlCl3 impreg-
ated 13× zeolite and cerium exchange NaX zeolite, respectively.
hese values are in agreement, or have the same order with the
alue obtained in this present study for benzene ethylation over
ordenite-based catalyst.
Graphical comparisons between experimental and model pre-

ictions for the reactant conversion model (RC) based on the
ptimized parameters for mordenite and ZSM-5 are shown
n Figs. 3 and 4, respectively. It can be seen that the

odel predictions compared very well with the experimental
ata.

. Conclusions

The following conclusions can be drawn from the ethylation
eaction of benzene with ethanol over ZSM-5-, TNU-9-, SSZ-33-
nd mordenite-based catalyst.

. The zeolite structure in combination with the reaction temper-
ature determines the types of reactions that occur.

. Ethylbenzene selectivity was found to be highest in the ethy-
lation reaction over ZSM-5-based catalyst as compared to its
ethylation over all other zeolite catalysts.

. SSZ-33-based catalyst produced the highest benzene conver-
sion as compared to its conversion over ZSM-5-, TNU-9- and
mordenite-based catalyst.

. Considerable amount of toluene was obtained in the ethylation
over SSZ-33-based catalyst, while negligible amount was noticed
over mordenite-based catalyst. It can be concluded that acidity
plays a major role in toluene formation over these zeolites.

. An increase in the concentration of Lewis acid sites was observed
after modification of the parent zeolites with alumina binder.

. In the ethylation reaction over mordenite- and ZSM-5-based cat-
alyst, the apparent activation energy for EB ethylation (Em2 and
Ez2) was found to be lower than the apparent energy of activa-
tion obtained for benzene ethylation (Em1 and Ez1), which shows

that reactivity of the alkylbenzenes increases as the number of
ethyl group per benzene ring increases.

. Kinetic parameters for benzene ethylation over all the stud-
ied zeolites were calculated using the catalyst activity decay
function based on reactant conversion. The apparent activation

[

[
[

[

ysis A: General 385 (2010) 31–45

energies for benzene ethylation were found to decrease as fol-
lows: Em1 > EZ1 > ES1 > ETNU-1.
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