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a  b  s  t  r  a  c  t

The  production  of para-ethyltoluene  (p-ET)  from  the  alkylation  of  toluene  with  ethanol  was  investi-
gated  over  three  MFI  zeolites  with  varying  SiO2/Al2O3 ratio  (80,  280,  and 2000).  The  ethylation  reaction
was  conducted  in a batch  fluidized-bed  reactor  at  a  temperature  range  of  300–400 ◦C,  reaction  times  of
5–20  s  and molar  feed  ratio  of  toluene  to  ethanol  at 1:1.  Toluene  conversion  increased  with  tempera-
ture  over  all  the  MFI  zeolites  except  for MFI-80,  which  showed  a  maximum  conversion  of  29%  at  300 ◦C.
The  product  distribution  exhibited  ethyltoluenes  as major  product  with  a maximum  yield  of  26%  over
MFI-80.  At  400 ◦C,  constant  toluene  conversion  of 14% and  100%  ethanol  conversion,  para-selectivity  to
p-ET  was  100%  over MFI-2000  compared  with  27%  and  48%  over  MFI-80  and  MFI-280,  respectively.  The
high para-selectivity  over  MFI-2000  is  attributed  to the combined  effects  of  higher  SiO2/Al2O3 ratio,  very
ara-ethyltoluene
oluene ethylation
thanol

weak  acid  sites  and  larger  crystal  size  (longer  diffusion  length).  The  experimental  data  were  analyzed
for  each  MFI  zeolite  and  suitable  reaction  mechanism  for toluene  ethylation  was  proposed  based  on
the  Langmuir–Hinshelwood  model.  The  activation  energy  for the  formation  of p-ET  over  MFI-280  and
MFI-2000  is  30 kJ/mol  and 65  kJ/mol,  while  the  heat  of  adsorption  of ethanol  is  19  kJ/mol  and  29  kJ/mol,
respectively.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

The alkylation of toluene with ethanol produces ethyltoluenes
hich find applications in the petrochemical and chemical indus-

ries [1–5]. The ethylation of toluene with ethanol produces a wide
ange of hydrocarbon products which include C1–C4 gases (mostly
btained from dehydration and disproportionation reactions of
thanol and toluene, respectively), ethylbenzene, xylenes, and mix-
ures of ethyltoluene isomers [4–6]. In addition, other products
uch as styrene and methylstyrene could also be obtained as a result
f side-chain alkylation, a condition favored by basic zeolites. The
omposition of the products may  vary depending on the structural
nd morphological properties of the zeolites used [7–9].
Please cite this article in press as: B.A. Ogunbadejo, et al., Alkylation 
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Several researchers have investigated various parameters to
nhance para-selectivity and catalyst activity. Parikh et al. studied
he effects of crystal size and acidity on para-selectivity over A1-MFI
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ttp://dx.doi.org/10.1016/j.cattod.2014.08.019
920-5861/© 2014 Elsevier B.V. All rights reserved.
and B-, Fe-, Ga-isomorphously substituted zeolites of MFI  structure
with Si/metal ratios between 50 and 64 [10]. They reported that
an increase in MFI  crystal size results in a reduction in the active
sites available on the external surface thereby inhibiting the isom-
erization of p-ET formed in the pores to other isomers. This is in
conformity with the reaction mechanism proposed by Paparatto
et al. using MFI  (SiO2/Al2O3 = 25, 58, 63) and MEL  (SiO2/Al2O3 = 40,
80). They concluded that p-ET is initially formed in the zeolite chan-
nels but undergoes isomerization if there are available acid sites
on the external surface [8]. Wichterlova and Čejka [11] studied
para-selectivity from the view point of the diffusion coefficient
and coke deposition. It was observed that coke deposition did
not influence para-selectivity, however, surface silylation with
tetraethylorthosilicate (TEOS) could enhance p-ET due to pore nar-
rowing.

Another important factor that could enhance para-selectivity
is the external surface area. A correlation has been established
between the crystal size and external surface area of MFI  with
of toluene with ethanol to para-ethyltoluene over MFI zeolites:
x.doi.org/10.1016/j.cattod.2014.08.019

SiO2/Al2O3 ratios of 22 to 600 [11–14]. An increase in the crystal
size translates to a reduction in the external surface which enhances
the para-selectivity by impeding isomerization into meta and ortho
isomers. Further improvement of para-selectivity over MFI  can be

dx.doi.org/10.1016/j.cattod.2014.08.019
dx.doi.org/10.1016/j.cattod.2014.08.019
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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Nomenclature

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

CL confidence limit
Ei apparent activation energy of the ith reaction

(kJ/mol)
Ki adsorption equilibrium constant of component i
ki apparent rate constant for the ith reaction (m3/kg of

catalyst .s)
koi pre-exponential factor for ith reaction after re-

parameterization (m3/kg of catalyst s)
MWi molecular weight of specie i
R universal gas constant (kJ/kmol K)
t reaction time (s)
T reaction temperature (K)
To average temperature of the experiment (K)
V volume of the riser (45 cm3)
Wc mass of the catalyst (0.81 g)
Whc total mass of the hydrocarbon injected the riser

(0.162 g)
�S0

ads,i
entropy for adsorption for componenet i

�H0
ads,i

enthalpy for adsorption for componenet i

Greek letters
ϕ  apparent deactivation function

 ̨ catalyst deactivation constant (time on stream
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chieved by impregnation of the zeolite channels with metal or
on-metal oxides [15–18]. Modification of MFI  (SiO2/Al2O3 = 50)
ith different elements (B, P, Mg,  Si, La, or Cd) showed an increase

n para-selectivity to p-ET due to the decreased concentration of
trong acid sites and the sorption capacity of the zeolite [16–19].

The heat of adsorption for toluene and ethanol was reported
t 56 kJ/mol and 35 kJ/mol, respectively, with surface activa-
ion energy of 62 kJ/mol [16]. Parikh reported the kinetics of
he ethylation reaction using a monolith reactor on which MFI
SiO2/Al2O3 = 24) was wash-coated [20]. The proposed rate expres-
ion indicated that p-ET is the primary product of the alkylation
eaction. o-ET was not considered due to negligible quantities while
he net rate of m-ET formation was a result of the total rate of
oluene consumption to form p-ET and the subsequent isomeri-
ation rate of p-ET to m-ET.

Most of the zeolites that showed high para-selectivity for
oluene ethylation were subjected to post-synthesis steps either by

odification of zeolite channels or deactivation of external surface.
onsequently, the aim of this paper is to present aspects related
o the development of a para-selective MFI-zeolite for toluene
thylation to p-ET without the need to modify either the zeolite
ore channels or external surface. The paper addresses the effects
f SiO2/Al2O3 ratio, crystal size and reaction temperature on p-
T formation. It also focuses on development of a kinetic model
ccounting for all reaction steps i.e. adsorption, surface reaction
nd desorption.

. Experimental

.1. Materials
Please cite this article in press as: B.A. Ogunbadejo, et al., Alkylation
Comparative study and kinetic modeling, Catal. Today (2014), http://d

Two of the MFI  zeolites used in this work were procured from
eolyst; MFI-80 (CBV8014, NH4-form) and MFI-280 (CBV28014,
H4-form). Prior to catalyst testing, the zeolites were calcined
 PRESS
 Today xxx (2014) xxx–xxx

in standing air at 550 ◦C for 5 h (ramping rate of 3 ◦C min−1), in
order to get the H-form. MFI  with a SiO2/Al2O3 of 2000 (MFI-2000)
was prepared using hydrothermal techniques, in a typical synthe-
sis of this sample 4.26 g tetrapropylammonium bromide, 0.7407 g
ammonium fluoride and hydrated aluminium nitrate 0.0750 was
dissolved in 72 ml  of water and stirred well for 15 min. 12 g silica
(381276 Aldrich) was  added and stirred well until homogenized.
The obtained gel was  autoclaved and kept at 200 ◦C for 2 days. The
molar composition of gel was 1 SiO2: 0.08 (TPA) Br: 0.10 NH4F:
0.0005 Al2O3: 20 H2O. The solid product obtained was washed
with water and dried at 80 ◦C overnight. The template was removed
by calcination in air at 750 ◦C for 5 h. These zeolites are hereafter
referred as MFI-80, MFI-280 and MFI-2000, where the number rep-
resents the nominal SiO2/Al2O3 ratio. Silicalite-1 was synthesized
by the same procedure as MFI-2000 but without addition of alu-
minium source i.e. aluminium nitrate.

Toluene and ethanol were obtained from Sigma-Aldrich and no
further attempt was made to purify the chemicals.

2.2. Catalyst characterization

The MFI  zeolites were characterized using several techniques.
The amounts of SiO2 and Al2O3 the catalysts were determined
by atomic absorption spectrometer (Perkin-Elmer AAS Analyst
100). Textural properties were characterized by N2 adsorption-
desorption measurements at 77 K, using Quantachrome Autosorb
1-C adsorption analyzer. Samples were outgassed at 220 ◦C
under vacuum (10−5 Torr) for 3 h before N2 physisorption. The
Brunauer–Emmett–Teller (BET) specific surface areas were deter-
mined from the dsorption data in the relative pressure (P/P0) range
from 0.06–0.3, assuming 0.164 nm2 for the cross-section of the N2
molecule. Contribution of micropore and mesopores was derived
from the t-plot method according to Lippens and de Boer [21].

High-angle X-ray diffraction patterns were recorded on a Rigaku
Miniflex II XRD powder diffraction system using CuK� radia-
tion (�K�1 = 1.54051 Å, 30 kV and 15 mA). The XRD patterns were
recorded in the static scanning mode from 1.2–60◦ (2�)  at a detec-
tor angular speed of 2◦/min and step size of 0.02◦. The crystal
sizes of the MFI  zeolites were measured using a scanning elec-
tron microscopy (SEM) by Nova NanoSEM FEI with an accelerating
voltage of 30 kV.

In order to assess the acid sites on the MFI  zeolites and their
properties, NH3 temperature-programmed desorption (TPD) and
FTIR spectroscopy of adsorbed pyridine were used. NH3-TPD was
carried out using Quantachrome Autosorb 1-C/TCD to determine
total acid sites on the catalysts. Samples were pretreated at 450 ◦C
in a stream of helium (25 ml  min−1) for 2 h. This was  followed by
the uptake of ammonia (5 vol. % in helium) at 100 ◦C for 30 min. The
samples were then subjected to flow of helium for 2 h at 120 ◦C so
as to remove loosely bound ammonia (i.e. physisorbed ammonia).
After that, the samples were heated from 100–700 ◦C at a rate of
10 ◦C/min in a flow of helium (25 ml  min−1) while monitoring the
evolved ammonia using TCD.

Infrared spectroscopy of adsorbed pyridine was used to iden-
tify the nature of available acid sites (i.e. Brønsted and/or Lewis
acid sites). The measurements were conducted using a Fourier
transform infrared with Nicolet FTIR spectrometer (Magna 500
model). The samples, as self-supporting wafers (ca. 60 mg  in weight
and 20 mm in diameter) were obtained by compressing a uniform
layer of the powdered samples. The wafer was  then inserted into
an infrared vacuum cell equipped with KBr windows (Makuhari
 of toluene with ethanol to para-ethyltoluene over MFI  zeolites:
x.doi.org/10.1016/j.cattod.2014.08.019

Rikagaku Garasu Inc., Japan), and preheated under vacuum (ca.
10−3 torr) at 450 ◦C for 2 h. The adsorption temperature of pyridine
was 150 ◦C. The IR cell was  then cooled down to ambient temper-
ature and placed in an IR beam compartment while under vacuum

dx.doi.org/10.1016/j.cattod.2014.08.019
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nd transmission spectra were recorded. The bands and absorption
oefficients used are as follows: pyridine (PyH+) band at 1545 cm−1,

 = 0.078 cm �mol−1; pyridine (PyL) bands at 1461 and 1454 cm−1,
 = 0.165 cm �mol−1 [22,23].

.3. Catalytic test

The ethylation of toluene with ethanol was  conducted in a
atch fluidized-bed reactor operated under atmospheric pressure.
he reactor was designed to simulate an industrial scale reactor
perated in batch mode with an impeller to aid gas mixing. The
omprehensive description of the riser simulator can be found else-
here [24].

The experiments for toluene ethylation with ethanol were per-
ormed using 0.81 g of catalyst with 1:1 molar ratio of toluene
nd ethanol (equivalent to 67:33 wt%) at different reaction times
f 5, 10, 15 and 20 s and temperatures between 300 and 400 ◦C.
efore each experimental run, the catalyst was activated for 15 min
t 610 ◦C in a continuous flow of air after which the temperature
as brought down to the desired reaction level. Once the reactor

ets to the reaction temperature, the impeller was started with a
peed of 5500 rpm and the feedstock was injected into the reac-
or via a pre-loaded syringe. At the end of the reaction, the port
alve automatically opened ensuring termination of the reaction
nd the product was sent to an online gas chromatograph through
he vacuum box. Each run was repeated to ensure the results can be
eproduced with standard deviation in the range ±2%. The response
actor of each product was taken into account in analyzing the
roduct distribution. The conversion, product yield, selectivity and
ara-selectivity were determined using the following relations:

 toluene conversion = toluene in feed − toluene in product
toluene in feed

× 100

 yieldi = wt% of product i

wt% of toluene in feed
× 100%

 selectivity = wt% of ethyltoluenes (ET) in product
wt% of aromatics in product

× 100

 para-selectivity = wt% of p-ET in product
wt% of ET in product

×  100

.4. Kinetic modeling

Phenomenological based kinetic model demonstrating the
lkylation of toluene with ethanol is developed based on Scheme 1
nd the observed data obtained from the fluidized-bed reactor
t different reaction temperatures and varying reaction times.
sothermal reactor condition was assumed given that the amount
f the reacting species is relatively small and the contribution of
eat of reaction can be considered negligible.
Please cite this article in press as: B.A. Ogunbadejo, et al., Alkylation 
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Within the experimental conditions, the alkylation reactions
ere considered to be free from internal and external mass trans-

er limitations. This assumption is reasonable given the fact that the
FI  sample used in this study has small crystallite sizes of 0.5 �m to

+ Ethanol

CH3
CH3

CH3

k1

Scheme 1. Reaction network of tolu
 PRESS
Today xxx (2014) xxx–xxx 3

2 �m [25]. For this crystal size range, one can expect that the value
of the effectiveness factor should be close to one. Considering this
fact, the effect of diffusion has not been incorporated in the kinet-
ics analysis. Marin and co-workers reported the kinetic modeling
of ethylbenzene dealkylation over Pt promoted MFI  by neglecting
the contribution of the diffusion resistance [26].

Langmuir–Hinshelwood mechanism with surface reaction con-
trol was  proposed as descriptor of the kinetic of the reaction
of toluene with ethanol. The proposed model considers only the
adsorption of ethanol and ethyltoluenes on the catalyst sites, the
adsorption of toluene and other products are negligible as com-
pared to ethanol and ethyltoluenes. Ethanol has strong tendency to
adsorb on catalysts site thereby transforming into surface ethoxy
groups which further interacts with lightly adsorbed toluene to
form ethyltoluenes [8]. According to the proposed reaction scheme,
the rate of toluene disappearance and the rate of ethyltoluenes
formation can be written as:

Rate of disappearance of toluene (To)

− V

WC

dCTo

dt
=

[
k1 KEtOH KEtTol CEtOH CEtTol

(1 + KEtOHCEtOH + KEtTol CEtTol)
2

]
ϕ (1)

Rate of ethyltoluenes formation (EtTol):

V

WC

dCEtTol

dt
=

[
k1 KEtOH KEtTol CEtOH CEtTol

(1 + KEtOHCEtOH + KEtTol CEtTol)
2

]
ϕ (2)

where Ci is molar concentration of each species in the system, V is
the volume of the reactor, Wc is the mass of the catalyst, t is time in
seconds, ϕ is the apparent deactivation function, k1 is the apparent
rate coefficient and Ki is the adsorption coefficient of each species
on the catalyst.

The reaction rate constant was represented with the tempera-
ture dependence using the following form of Arrhenius equation:

k = k0 exp
(−E

R

(
1
T

− 1
T0

))
(3)

where ki0 is pre-exponential factor at the average temperature T0
and E is apparent activation energy of the reaction.

The adsorption equilibrium constants with the temperature
dependence can be expressed according to the following thermo-
dynamic relations [27,28]:

Ki = exp

(
�S0

ads,i

R
−

�H0
ads,i

R

(
1
T

− 1
To

))
(4)

where �H0
ads,i

is the change of enthalpy and �S0
ads,i

is the change
of entropy of the adsorption.

The effects of catalyst deactivation has been taken into account
by considering a time on stream deactivation function as described
in Eq. (5) [29].

ϕ = exp (−˛t) (5)

where,  ̨ is a constant and t is the time the catalyst is exposed to
of toluene with ethanol to para-ethyltoluene over MFI zeolites:
x.doi.org/10.1016/j.cattod.2014.08.019

reaction.
A nonlinear regression algorithm (MATLAB, ODE 45-4th order

Runge–Kutta method and least-square curve fitting “lsqcurvefit”
routine) was used to solve the model equations and to obtain the

CH3

CH3

CH3

CH3

+ H2O

ene alkylation with ethanol.

dx.doi.org/10.1016/j.cattod.2014.08.019
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Table 1
Physico-chemical properties of zeolite samples.

Zeolite sample SiO2/Al2O3 ratioa N2 sorption

dspacing (Å)b SBET (m2/g) V (cm3/g)c,d Smeso (m2 g−1)e

MFI-80 86 3.861 425 0.28 (0.19) 68
MFI-280 295 3.856 400 0.23 (0.21) 33
MFI-2000 2130 3.833 367 0.19 (0.18) 5.0
Silicalite-1 n.d. 3.824 363 0.19 (0.18) 3.0

a AAS analysis.
b Evaluated by XRD (hkl = 501).
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c Total pore volume.
d Number in parenthesis corresponds to micropore volume calculated using the t
e Smeso includes the mesoporous and external surface area, n.d. = not detected.

inetic parameters. The optimization criteria for the model evalu-
tion are that all the rate constants and the activation energies had
o be positive and consistent with physical principles. The details
f the regression analysis are described in Waziri et al. [30].

. Results and discussion

.1. Catalyst characterization

Table 1 shows the SiO2/Al2O3 ratio for the MFI  zeolites obtained
y AAS analysis. The results show that MFI-80, MFI-280 and MFI-
80 have SiO2/Al2O3 ratio of 86, 295 and 2130, respectively. The
itrogen adsorption isotherms results of the MFI  zeolites and
ilicalite-1 are presented in Fig. 1. The textural parameters calcu-
ated from the nitrogen sorption isotherms are compiled in Table 1.
he surface area of silicalite-1 is 363 m2/g, which is lower than that
f other MFI  zeolites. The incorporation Al atoms in the framework
ncreased the pore volume as well as surface area of the mate-
ial [31]. The total pore volume of MFI-2000 was similar to that
f silicalite-1 due to the very low concentration of Al present in
FI-2000.
The XRD patterns of catalyst samples are presented in Fig. 2.

he patterns of all samples exhibit XRD reflections that conform
ith the characteristic of MFI  structure in the ranges between 8–9◦

nd 22–25◦ [32,33]. The intensity of the peaks in the range 22–25◦
Please cite this article in press as: B.A. Ogunbadejo, et al., Alkylation
Comparative study and kinetic modeling, Catal. Today (2014), http://d

lightly decreased with an increase in SiO2/Al2O3 ratio showing
 slight decrease in crystallinity [34].The values of lattice spacing
5 0 1 determined by an XRD peak at (hkl) of 5 0 1 reflection are

ig. 1. N2-adsorption–desorption isotherms of MFI-80, MFI-280, MFI-2000 and
ilicalite-1.
Fig. 2. XRD patterns of MFI-80, MFI-280, MFI-2000 and silicalite-1.

presented in Table 1. The values matched with standard MFI  in the
database [32].

The SEM micrographs of the three MFI  zeolites are shown in
Fig. 3. MFI-80 has a crystal size of about 0.5–1 �m and MFI-280 has
2–3 �m size, whereas MFI-2000 has a large crystal size of about
30–35 �m.  The formation of uniform crystallite for MFI-2000 was
also observed.

TPD profiles of desorbed ammonia for the three MFI  are pre-
sented in Fig. 4. Two peaks appear in ammonia TPD profile for
zeolites as reported by Kadata and Niwa [35]. They assigned the
peaks appeared at a higher temperature and those appeared at a
lower temperature to the ammonia desorbed from the acid sites of
zeolites and ammonia molecules adsorbed either on NH4

+ species
formed on Brønsted acid sites or on Na+ cations, respectively. In the
present study, the numbers of acid sites were estimated from the
areas of the peaks at a higher temperature and listed in Table 2. The
number of acid sites increased with a decrease in SiO2/Al2O3 ratio
of MFI  zeolites, which was  expected. Pyridine adsorption by FT-IR
spectroscopy was carried out to evaluate the strength and types
of acid sites. Table 2 presents the amount of Lewis and Brønsted
acid sites in the MFI  zeolites. For MFI-80 and MFI-280, the pres-
ence of both types of acid sites was  observed, whereas in the case of
MFI-2000 and silicalite-1 these sites were very weak and were not
detected by FT-IR spectra recorded after the adsorption of pyridine

◦

 of toluene with ethanol to para-ethyltoluene over MFI  zeolites:
x.doi.org/10.1016/j.cattod.2014.08.019

and subsequent evacuation at 150 C. The Lewis acid sites observed
by IR of adsorbed pyridine are not the Na+ cations, but coordina-
tively unsaturated Al3+ cations formed by dehydroxylation of the
OH groups bridging to Al and Si atoms (Brønsted acid sites).

dx.doi.org/10.1016/j.cattod.2014.08.019
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Fig. 3. SEM images of MF

.2. Catalytic activity

Table 3 presents the catalytic performance of MFI  zeolites for
oluene ethylation with ethanol at different temperatures. The
esults comprise toluene conversion, product yields, selectivity to
thyltoluenes, p-ET, m-ET, and o-ET. In toluene ethylation over
FI-2000, it is evident that the major product at all temperatures

tudied was p-ET with trace amount of EB, xylene and benzene
ndicating a negligible degree of other side reactions such as dispro-
ortionation and dealkylation. This is attributed to the low acidity
f the catalyst due to its low Al content [36]. The selective forma-
ion of p-ET over MFI-2000 may  be attributed to the combined effect
f acid sites, absence of external acid sites and crystal size. p-ET is
Please cite this article in press as: B.A. Ogunbadejo, et al., Alkylation 
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ormed within the zeolite pores being smaller in size than other iso-
ers and its ease of diffusing over large crystal size in the range of

5–40 �m.  The meta- and ortho-isomers are bulkier than p-ET and
teric hindrance within the zeolitic pore could be expected. p-ET

able 2
cid sites characteristics and pyridine sorption data for zeolite samples.

Zeolite sample NH3-TPD (m mol  g−1) 

TA L.T. < 300 ◦C H.T.

MFI-80 0.16 0.09 0.07
MFI-280 0.07 0.05 0.02
MFI-2000 0.01 0.004 0.00
Silicalite-1 n.d. n.d. n.d.

a Absorptivity ratio ε1455/ε1545 = 1.33 was  used to calculate the acidity, TA = total acidity
.T.  = high temperature; n.d. = not detected.
MFI-280, and MFI-2000.

undergoes isomerization to meta and ortho isomers at the external
surface, subject to availability of Brønsted acid sites [8].

The formation of m-ET and o-ET isomers over MFI-280 was
noticed at the reaction conditions studied. The product distribu-
tion over MFI-280 showed a higher quantity of disproportionation
products than over MFI-2000. The production of diethylbenzenes
(DEBs) over MFI-280 can be attributed to the availability of more
Brønsted acid sites (Table 2). Over MFI-80, the product distribu-
tion became wider indicating significant presence of side reactions
such as toluene disproportionation and isomerization yielding
benzene, ethylbenzene, xylenes, DEBs and trimethylbenzenes
(TMBs).

Ethanol conversion was  much higher compared to toluene con-
of toluene with ethanol to para-ethyltoluene over MFI zeolites:
x.doi.org/10.1016/j.cattod.2014.08.019

version at all temperatures although the same molar amount of
ethanol and toluene was injected as feed. The main reason for
higher ethanol conversion is attributed to the alkylation and dehy-
dration reactions which consume the additional ethanol molecules.

Pyridine FT-IR (m mol  g−1)a

 300–550 ◦C TA B sites L sites

 0.14 0.08 0.06
 0.02 0.01 0.01
6 n.d. n.d. n.d.

 n.d. n.d. n.d.

; B = Brønsted acidity; L = Lewis acidity; nd = not detectable L.T. = low temperature;

dx.doi.org/10.1016/j.cattod.2014.08.019
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Fig. 4. TPD ammonia profiles

he water molecules formed in alkylation of toluene by ethanol are
dsorbed on Lewis acid sites to form protonic acid sites, and on the
Please cite this article in press as: B.A. Ogunbadejo, et al., Alkylation
Comparative study and kinetic modeling, Catal. Today (2014), http://d

trong protonic acid sites to form hydronium ions which are weaker
cid than the bridged OH groups. Therefore, water molecules might
hange the type of acid sites (Lewis acid to protonic acid) as well as
eaken the protonic acid sites.

able 3
atalytic performance of MFI-80, MFI-280 and MFI-2000 in toluene ethylation with ethan

Catalyst MFI-80 

Reaction temp. (◦C) 300 350 400 300 

Toluene conversion (%) 29.0 29.0 22.2 18.6 

Product yield (%)
p-ET 7.3 6.3 3.6 9.4 

m-ET  16.0 14.2 8.2 4.5 

o-ET  2.8 3.2 2.1 - 

Total-ET 26.1 23.7 13.9 13.1 

Gases 3.9 4.5 7.4 2.5 

Benzene 0.2 0.8 2.5 0 

Ethylbenzene 0.9 1.5 1.8 0.3 

Xylenes 0.9 2.0 3.36 0.1 

DEBs  + TMBs 0.9 0.9 0.7 0.6 

ET  selectivity (%) 90.0 82.0 64.7 92.9 

ET  composition (%)
p-ET 27.8 26.4 25.9 67.6 

m-ET  61.4 59.9 59.3 32.4 

o-ET  10.8 13.7 14.8 – 

EBs = diethylbenzenes, TMBs = trimethylbenzenes.
I-80, MFI-280 and MFI-2000.

3.2.1. Effect of temperature
As shown in Fig. 5, there is an incremental increase in toluene

◦

 of toluene with ethanol to para-ethyltoluene over MFI  zeolites:
x.doi.org/10.1016/j.cattod.2014.08.019

conversion with the increase in temperature from 300 to 400 C at
20 s reaction time for MFI-280 and MFI-2000 except that for MFI-
80 which showed a reduction in toluene conversion from ∼29%
to ∼22%. This drop in toluene conversion may  be attributed to

ol at 20 s reaction time and 1:1 toluene:ethanol molar ratio.

MFI-280 MFI-2000

350 400 300 350 400

22.3 23.8 1.5 8.0 14.2

11.2 8.5 1.5 7.7 13.5
11.1 13.0 - - -

0.3 1.0 - - -
22.6 22.5 1.5 7.7 13.5

2.3 2.1 10.8 8.8 7.9
0 0.2 0 0.04 0.1
0.6 0.9 0.03 0.1 0.3
0.5 1.1 0 0.2 0.3
0.4 0.3 0 0 0

93.8 90.0 98.0 95.8 95.0

49.6 37.8 100 100 100
49.0 57.7 – – –

1.4 4.5 – – –

dx.doi.org/10.1016/j.cattod.2014.08.019
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Fig. 6. Effect of reaction time on toluene conversion over (a) MFI-80 and (b) MFI-
2000 at 300 ◦C (�), 350 ◦C (�) and 400 ◦C (�).
ig. 5. Effect of temperature on toluene conversion over MFI-80 (�), MFI-280 (�)
nd MFI-2000 (�) at reaction time of 20 s.

oke formation which is accelerated by strong acid sites of MFI-
0. Comparing MFI-80 and MFI-280 at 400 ◦C, the amount of C1–C4
ases for MFI-80 is 3 times more than that of MFI-280. Since these
ases are produced from the decomposition of ethanol, it indicates
hat there is less amount of ethanol available for alkylating toluene
o ethyltoluenes over MFI-80 as shown in Fig. 6(a) and Table 3.
he formation of secondary alkylation products from toluene dis-
roportionation or transalkylation with ET i.e. benzene, xylenes,
B, TMB  and DEB over MFI-80 and MFI-280, means that some of
he gases were consumed as methyl and ethyl groups. At 400 ◦C,
he yield of ethyltoluenes over MFI-80 was 13.9% compared with
2.5% over MFI-280. A similar trend was also observed by Bhan-
arkar and Bhatia [17] over MFI  (SiO2/Al2O3 = 50) who  attributed

t to the decomposition of the alkylating agent and the possibility
f reversible reaction within 300–400 ◦C. However, the increase in
he yield of gases with the increase in reaction temperature over

FI-80, contrary to the behavior of MFI-280 and MFI-2000, may  be
ttributed to the high amount of Brønsted acid sites in MFI-80 [37].

The yield of gases over MFI-2000 was the highest compared
ith MFI-80 and MFI-280. This may  be attributed to the presence of
eak acid sites in MF-2000 which catalyze dehydration of ethanol

ut not so effective for isomerization of ET’s (high p-ET selectivity)
nd disproportionation and transalkylation of toluene (low yields
f benzene, xylene, EB, DEBs, TMBs). However, ass the reaction tem-
erature increased from 300 to 400 ©C, the amount of C1–C4 gases
roduced over MFI-2000 dropped from 10.8% to 7.9%. This may  be
ue to the partial consumption of these gases as shown in the prod-
ct distribution in Table 3. Over MFI-2000, there was  an increase

n toluene conversion with the increase in temperature at different
eaction times; however, the rapid increase was  at a temperature
f 400 ◦C. As the reaction time increased from 5 to 20 s, toluene
onversion over MFI-2000 increased drastically especially at 400 ◦C
s shown in Fig. 6(b). Maximum toluene conversion of 14% was
btained at 400 ◦C and a reaction time of 20 s.

.2.2. Effect of SiO2/Al2O3 ratio
The influence of SiO2/Al2O3 ratio on the selectivity to p-ET

ver MFI  zeolites is presented in Fig. 7 at 400 ◦C and constant
oluene conversion of 14%. The para-selectivity to p-ET over MFI-
Please cite this article in press as: B.A. Ogunbadejo, et al., Alkylation of toluene with ethanol to para-ethyltoluene over MFI zeolites:
Comparative study and kinetic modeling, Catal. Today (2014), http://dx.doi.org/10.1016/j.cattod.2014.08.019

000 was 100% compared with 27% and 48% over MFI-80 and
FI-280, respectively. A similar trend was observed by Al-Khattaf

nd co-workers who studied the effect of SiO2/Al2O3 ratio in

Fig. 7. para-Ethyltoluene selectivity over MFI-80, MFI-280 and MFI-2000 at 14%
toluene conversion.
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Table 4
Estimated kinetic parameters for toluene ethylation over MFI-280 and MFI-2000.

Parameter MFI-280 MFI-2000

k01 (m3/kgcat s) 0.32 ± 0.01 0.26 ± 0.01
E1 30.2 ± 8.2 65.2 ± 9.3

MFI-2000 is smaller than that of MFI-280 due to the difference in
external surface area. This has led to a lower activation energy for
MFI-280 compared withMFI-2000 [43]. Furthermore, the acidity of
ig. 8. Effect of temperature on ethyltoluenes selectivity over MFI-80 (�), MFI-280
�) and MFI-2000 (�) at reaction time of 20 s.

iethylbenzenes synthesis over MFI  and reported the same phe-
omenon for para-diethylbenzene selectivity [38].

It seems that irrespective of the reaction and product obtained
ver MFI  zeolite, an optimum SiO2/Al2O3 ratio generally favors
ara-selectivity [19]. Bhandarkar and Bhatia [17] obtained 56%
ara-selectivity at a toluene to ethanol ratio of 4:1 over MFI  with
iO2/Al2O3 of 50, whereas Paparatto et al. [9] reported 57% para-
electivity with similar feed ratio using MFI  with SiO2/Al2O3 of 25.
he selectivities of the equilibrium mixture obtained over MFI-80
p-ET 26.4%, m-ET 59.9%, o-ET 13.7%) were in agreement with those
eported by Lee et al. over MFI  with SiO2/Al2O3 of 90 (p-ET 33.1%,
-ET 50.2%, o-ET 16.7%), keeping in mind that the conditions were

lightly different [8].
For MFI-80 and MFI-2000, which have high and low concen-

ration of acid sites, respectively, variation in temperature did not
how any appreciable alteration to their para-selectivity. To eluci-
ate the effect of SiO2/Al2O3 ratio, silicalite-1 (SiO2/Al2O3 = ∞)  was
ested for toluene ethylation. It was confirmed that neither activity
or selectivity was observed. At 300 ◦C and 20 s, toluene conversion
as less than 0.4% and yield of ethyltoluenes was  0.2%. From the
atterns observed over the three MFI  zeolites, it is concluded that
ptimum SiO2/Al2O3 ratio and large crystal size are necessary for
aximum para-selectivity to p-ET. However, low SiO2/Al2O3 ratio

s required for high catalyst activity in the ethylation of toluene.
Fig. 8 presents the selectivity to ETs over the three MFI  zeolites at

ifferent temperatures (300, 350, and 400 ◦C). The selectivity to ETs
as observed to decrease with the increase in temperature for all

eolites associated with an increase in xylene, benzene and EB. The
eduction in the selectivity to ET was most significant over MFI-80
n which the selectivity decreased from 90.0% to 64.7%. As shown
n Fig. 8 and Table 3, the selectivity to ET over MFI-280 and MFI-
000 decreased by about 3% due to the formation of xylene and
B. The results obtained in our study is unique because the toluene
o ethanol ratio used was 1:1 in contrast to what is reported in
he literature, where high para-selectivity can only be achieved by
sing higher toluene to ethanol ratio.

.2.3. Effect of crystal size
Please cite this article in press as: B.A. Ogunbadejo, et al., Alkylation
Comparative study and kinetic modeling, Catal. Today (2014), http://d

The high para-selectivity observed over MFI-2000 could also
e attributed to its large crystal size of 30–35 �m [39]. Arsenova-
artel et al. proposed an inverse relationship between the rate
f isomerization and crystal size of the catalyst in their EB
−�HEtOH 19.1 ± 6.2 29.1 ± 5.1
−�HEtTol 32.7 ± 9.5 21.1 ± 4.2

disproportionation study over MFI  [40]. They found that high con-
tent of p-DEB was noticed over large crystals than smaller ones
due to the absence of diffusion limitation. Comparing the product
distribution obtained over MFI  zeolites, both MFI-80 and MFI-280
yielded appreciable amount of meta and ortho isomers due to their
small crystal sizes (short diffusion length) meaning high active sites
could be obtained on the external crystal surface. The absence of
isomerization over MFI-2000 with higher crystal size gives strength
to this assertion.

The effect of crystal size on toluene ethylation showed that
the shape selectivity over MFI-zeolites falls under configurational
diffusion-controlled selectivity. Chen et al. [41] explained that the
differences between transition-state shape selectivity and configu-
rational diffusion selectivity are the factors on which each of them
depends, for configurational diffusion selectivity; it is affected by
channel diameter and crystal size [42].

3.3. Kinetic model evaluation

Kinetic modeling of the toluene ethylation reaction has been
developed based on Scheme 1 and the equations presented in Sec-
tion 2.4. Langmuir–Hinshelwood model equations (Eq. (1) and (2))
incorporating the Arrhenius relation, the temperature dependence
form of the equilibrium adsorption constants and deactivation
function were simultaneously solved using a nonlinear regression
analysis. The estimated kinetic parameters and their 95% confi-
dence limits are shown in Table 4. The apparent activation energy
(E) obtained from the regression analysis for toluene ethylation
over MFI-2000 is more than double (65 kJ/mol) that of toluene ethy-
lation over MFI-280 (30 kJ/mol). This may  be attributed to both
acidity and diffusion effects. The apparent rate constant for the
 of toluene with ethanol to para-ethyltoluene over MFI  zeolites:
x.doi.org/10.1016/j.cattod.2014.08.019

Fig. 9. Comparison between the experimental data (symbols) and predicted values
(dotted lines) for the concentration of toluene (�) and ethyltoluenes (�) at 400 ◦C.

dx.doi.org/10.1016/j.cattod.2014.08.019
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ig. 10. Reconciliation plots between model predictions and experimental data.
xperimental data: data points, model prediction: continuous line (toluene con-
ersion % (�), ethyltoluenes yield % (�)).

FI-280 is about seven times that of MFI-2000 which also led to a
ower activation energy for MFI-280 compared with MFI-2000.

Al-Khattaf and co-workers showed similar trend for the activa-
ion energy of EB ethylation over MFI  with varying SiO2/Al2O3 ratio
38]. The estimated adsorption enthalpies for ethanol and ethyl-
oluenes are presented in Table 4. The results indicate a comparable
dsorption strength over both MFI-2000 and MFI-280. Comparing
he experimental data with the model predictions, it can be seen
rom Fig. 9 that toluene and ethyltoluenes concentrations predicted
y the proposed model fit with the experimental data in an excel-

ent manner. Toluene conversion and ethyltoluenes yields (Fig. 10),
howed accurate match between experimental values and model
redictions. The results of the kinetic study clearly show that MFI
eolites with different SiO2/Al2O3 ratios have a significant impact
n the mechanism of toluene ethylation with ethanol.

. Conclusion

The ethylation of toluene with ethanol over MFI-zeolites of
arying SiO2/Al2O3 ratio and crystal size has been investigated
ith detailed kinetic modeling. The following conclusions could

e drawn:

. The activity of MFI  zeolites for toluene ethylation is a function
of concentration and strength of acid sites, highest activity was
observed over MFI-80 with more strong acid sites, while para-
selectivity is associated with both crystal size and SiO2/Al2O3
ratio, displayed by MFI-2000. No catalytic activity or selectivity
was observed over silicalite-1.

. MFI-2000 yielded the highest p-ET selectivity (100%) due to its
low-acidity and external surface area thus preventing the isom-
erization of p-ET into m-ET.

. Benzene and xylenes, which are products of toluene dispro-
portionation, were observed over MFI-80 and MFI-280 but not
over MFI-2000 due to the presence of Brønsted acid sites aiding
toluene disproportionation.

. Based on Langmuir-Hinshelwood mechanism for toluene ethy-
lation, a model with both ethanol and ethyltoluenes adsorbed
Please cite this article in press as: B.A. Ogunbadejo, et al., Alkylation 
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on the catalyst surface sites best fits the experimental data.
. MFI-280 required the lowest amount of activation energy to form

p-ET which is attributed to its higher acidic content and higher
activity compared with MFI-2000.
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