Appl Petrochem Res (2017) 7:131-142
https://doi.org/10.1007/s13203-017-0185-2

CrossMark

@

ORIGINAL ARTICLE

Kinetic modeling and study of H-ZSM-5 coated silicon carbide
ceramic foam in toluene methylation to produce xylene

Debarpita Ghosal' - Uttam Maity® - Sonali Sengupta® - Jayanta Kumar Basu®

Received: 17 November 2015/ Accepted: 8 October 2017/ Published online: 26 October 2017

© The Author(s) 2017. This article is an open access publication

Abstract This work deals with the toluene alkylation
reaction with methanol catalyzed by commercial H-ZSM-5
coated over SiC foam. The main product is xylene which is
a well-known building block of many petrochemicals. The
foam has been purchased and H-ZSM-5 was coated on it by
dip-coating method. The coated foam was used as a cata-
lyst block to study the reaction of toluene with methanol.
The effect of variation of different reaction parameters
such as reaction temperature, mole ratio of reactants, W/
F ratio, partial pressure, feed rate, number of ceramic block
coated with catalyst was investigated. Effect of regenera-
tion of the catalyst has also been studied. In addition,
comparison of conversion with pellet and coated one was
also studied to confirm the usefulness of ceramic foam as
catalyst support to get the best conversion to Xxylene
production.

Keywords Ceramic foam - H-ZSM-5 - Xylene - Toluene -
Methanol - Langmuir-Hinshelwood model

Introduction

Application of the catalysts, supported on different suit-
able structures, are advantageous in versatile organic
reactions as they offer good mass and heat transfer effect in
reactions compared to the powdered or pelleted catalysts in

< Debarpita Ghosal
ghosal.debarpita@gmail.com

Department of Chemical Engineering, C.V. Raman College
of Engineering, Bhubaneswar, Orissa 752054, India

Department of Chemical Engineering, Indian Institute of
Technology, Kharagpur, Kharagpur 721302, India

flow reactors [1]. Deposition of a thin layer of active cat-
alyst on the wall of the structured support by wash or dip-
coating is preferred over pelletized catalyst as a lesser
amount of catalyst is dispersed on a relatively large surface
area, which in turn, improves the interfacial reaction rate.
Moreover, structured support with highly interconnected
porous network exhibits low pressure drop in catalytic bed
(2].

Two types of highly porous structured supports are
popular, honeycomb and reticulated. The reactant vapor
passes unidirectionally through the regular hexagonal
channels of the honeycomb structure causing low pressure
drop, whereas reticulated structure is an interconnected
porous form which imparts a thorough radial mixing and
good heat dissipation within the structure decreasing the
heat transfer effect in the catalyst bed. Although, zeolites
used in fixed beds in the form of extrudate pellets are very
effective catalysts, but these have many disadvantages such
as high pressure drop in the catalyst bed, high diffusional
effect and pore-mouth blockage. It was also known that the
foam-supported catalyst enhances the reaction rate signif-
icantly over the pellets [3].

Among the zeolites, the acidic ones such as zeolite X
and Y [4-7], zeolite B [8, 9], mordenite [10] and ZSM-5
[11-17] are widely used catalysts for alkylation reaction.
The deposition of an active catalyst can be conventionally
done by coating the ceramic foam support by slurry of
catalytic material containing a binder to ensure adhesion of
the layer [18-20]. Most of the ceramic catalyst supports
possess very low surface area which is below 1 m*/g. The
specific surface area of both honeycomb and reticulated
foams can be increased up to 40 m*/g by washcoating with
the catalyst [18]. It was generally observed that the selec-
tivity of coke increases with the increase in pore size [21].
It has been supported by the previous literature [22] that,

Disase cllod dyao .
KACST a,51é1)lg roglel @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13203-017-0185-2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s13203-017-0185-2&amp;domain=pdf
https://doi.org/10.1007/s13203-017-0185-2

132

Appl Petrochem Res (2017) 7:131-142

among the other zeolites, H-ZSM-5 shows very slow rate
of coking due to its low acid site density and this property
dominates over the criterion of its average pore size. Lit-
erature related to the work on H-ZSM-5 proves the appli-
cation of H-ZSM-5 as alkylation catalyst which
emphasizes towards the para selective products [15, 23]. It
has been observed that H-ZSM-5 possesses better washcoat
stability compared to mordenite and ferrite [24].

Ample literature has been obtained on the alkylation of
aromatics over pelletised H-ZSM-5 as catalyst such as
methylation [25-33], ethylation [25, 34, 35], isopropylation
[31, 36], butylation [37], etc. Methylation of toluene is one
of the simplest reactions which can be studied as a key
reaction over H-ZSM-5 catalyst supported on ceramic
foam to establish the performance of structured foam-
supported catalyst. Few literatures have been obtained on
the reaction kinetics over foam-supported catalysts.
Richardson et al. investigated the kinetics of carbon diox-
ide reforming over metal-supported alumina loaded on
ceramic foam [38]. Aleksandrov et al. had studied the
kinetics of oxidation of carbon monoxide on the synthetic
ceramic foam-supported catalysts [39]. No literature has
been found till now on the kinetic study of methylation of
toluene on H-ZSM-5 supported on ceramic foam.

Among many types of structured supports, silicon car-
bide ceramic foam is chosen for the present work because
of its superior physical properties such as thermal con-
ductivity, chemical inertness and mechanical strength
compared to refractory oxide-based conventional foam
support [40]. Other causes of choosing silicon carbide foam
as a structured support are its low cost, high surface area
and easy availability.

The objective of the present work deals with the study of
silicon carbide foam-supported ZSM-5 catalyst towards the
methylation of toluene with methanol with the perspective
of rate kinetics. The foam is reticulated in nature. ZSM-5 is
coated on ceramic foam by the method of washcoating/dip-
coating. The present work uses foam of 30 pores per inch.

Materials and methods
Materials

Commercial H-ZSM-5, bentonite powder, acetone, alu-
minum nitrate nonahydrate (95%) and soluble starch,
procured from Merck India Ltd., were the chemicals used
for preparation of catalyst pellet, dip-coating and pre-
treatment of ceramic foam. Toluene (99%) (Merck India
Ltd.) and methanol (99.5%) (Spectrochem Pvt. Ltd.) were
used for the alkylation reaction of toluene with methanol.
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Preparation of pellet and dip-coated ceramic foam
with powder catalyst

Cylindrical pellet of 2 mm diameter was prepared by a
hand extruder with different catalyst powders such as
alumina, H-ZSM-5, B zeolite, modified H-ZSM-5 and
modified B zeolite. The binder used for pelleting was
bentonite clay. The catalyst powder and bentonite clay
were mixed together thoroughly, according to the different
weight proportions of catalyst to bentonite (e.g., 50:50,
60:40, 70:30, 80:20) to prepare a paste with water, which
was then managed to fill the hand extruder and pressed
manually to come out in the shape of a noodle. The noodles
were cut into small equal extrudate forms followed by
drying in an air oven at 120 °C for 3 h and calcining at
550 °C for 3 h. It was found that a weight proportion of
80% catalyst and 20% bentonite clay had well enough
strength to use in the reactor during reaction without any
breakage or loss in weight of the catalyst. Therefore, this
proportion of H-ZSM-5 and bentonite clay was established
to be used for further experiments.

Washcoating of catalyst on SiC block

Each of the ceramic block was pretreated by cleaning with
distilled water followed by acetone, and then dried in an
oven for 3 h prior to the washcoating/dip-coating proce-
dure. Dip-coating was performed in a Single Dip-Coater
(model no. SDC 2007C) supplied by Apex Instruments
Ltd., Kolkata, India. This instrument works for controlled
immersion and withdrawal of substrates from thereof, ideal
for sol-gel coatings and monolayer assembly and layer by
layer assemblies.

The dip-coating of the catalyst on the SiC foam was
done by preparing slurry of definite quantity of catalyst
powder and dipping the foam into that for a particular
time period in the dip-coater. A typical slurry of catalyst
consisting of 20 g catalyst powder, 5 g aluminum nitrate
as binder, 7 g starch as viscosity modifier in water was
prepared and a number of trials have been attempted to
optimize this slurry composition. The SiC foam was
dipped into this slurry, kept in stirring condition in the
dip-coater for about 3 h. The excess of suspension in the
pores of the foam was removed by flushing with an air
flow. It was then dried at 120 °C for 3 h and calcined at
550 °C for 3 h to avoid cracks in the coating. Several
coatings were applied by consecutive dip-coatings with
drying and high temperature calcinations in between each
step to acquire the required catalyst amount with perfect
adherence.
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Fig. 1 Schematic diagram of
the experimental set-up
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Characterization of different catalysts
SEM, EDXS and X-ray mapping

The surface morphology and microstructural analysis of
untreated H-ZSM-5, B zeolite, their metal modified forms,
blank SiC foam and catalyst-coated form has been con-
ducted both by JEOL JSMS5800 scanning electron micro-
scope (SEM) with EDS detector (Oxford ISIS-300) and
Zeiss Evo 60 SEM, Germany with energy dispersive X-ray
spectroscopy (EDXS, Inca Penta FET X3, Oxford Instru-
ment, UK). In sample preparation step, the sample is finely
powdered and made moisture-free by heating in an oven
for 2 h at 120 °C. For blank or catalyst-coated ceramic
foam, a very small portion of the foam was taken for the
micrograph. Scanning has been done on a particular chosen
portion of the sample with different scales and magnifica-
tion according to the requirement. Elemental analysis was
done through EDXS.

X-ray mapping provides powerful visual information on
the spatial distribution of elemental constituents at
micrometer lateral resolution and is one of the most widely
applied qualitative analysis procedures. The distribution of
different elements can be visualized in a particular scanned
area of the sample.

-~

BET surface area analysis

The porous nature of the catalyst was analyzed by
employing the standard volumetric nitrogen adsorption
method with the Brunauer, Emmett and Teller (BET) sur-
face area analyzer (Autosorb-1, Model: AS1 MP/Chemi-
LP, Quantachrome Instruments, USA). The isotherms were
obtained by monitoring the nitrogen adsorption/desorption
data points at relative pressures ranging from 10~° to 1 bar.
These data were utilized to calculate the specific surface
area, pore volume and average pore diameter of the dif-
ferent catalysts. At the initial stage, samples were degassed
for 3 h at 300 °C.

Ammonia temperature programmed desorption (TPD)

The acidity distribution profile of different catalysts was
recorded by TPD technique using ChemBET-3000-TPD/
TPR instrument (Quantachrome Instruments, USA)
equipped with thermal conductivity detector. For analysis,
0.213-0.222 g of the powder catalyst samples was used
and taken in the quartz U-shaped tube. The samples were
degassed by passing He gas over the sample. The degassing
procedure was continued at a temperature of 200 °C. The
He gas was then replaced by NH; which was passed for
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10 min at the flow rate of 80 mL/min. After saturation with
NH;, He gas was passed to purge the sample for 15 min.
The temperature was increased at a rate of 10 °C/min and
data acquisition was started.

X-ray diffraction study

The crystalline nature of all powder samples and their
change in crystallinity after different modifications were
done by X-ray diffraction (XRD) study with the help of
an X-ray diffractometer PW-1710, Phillips, using Cu Ka
radiation (1 = 1.54 A) within the 26 range of 10°-90°.
The samples were analyzed and the data generated were
compared with standard International Centre for
Diffraction Data (1996, ICDD) database for further
information.

Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy (FTIR) is the
technique which is used to determine the functional group
present in the samples and also any variation in intensity of
spectra in the FTIR image. FTIR spectroscopy analysis of
sample was done by Perkin Elmer, spectrometer-100, USA.
In the process, a pellet was made by grinding and mixing
the finely powdered sample collectively with analytical
grade KBr and analyzed within the wavelength range of
4000-400 cm™" to get the spectra.

Experimental set-up

The experimental set-up mainly consists of a feed-inlet
pump, preheater, reactor and sample collection units. The
detailed description of the set-up is given in Fig. 1.

Feed inlet-section

The liquid reactant mixture is fed by a syringe pump
(Miclins-SP-01, India) (Fig. 1) consisting of a 30 mL glass
syringe and 2 mm i.d. flexible tubing to connect to the inlet
of the preheater. The time and rpm are both adjustable ac-
cording to the requirement prior to the reaction. The flow
range of the syringe pump varies from 0.1 to 125 mL/h
depending on the rpm set. The carrier gas nitrogen is
supplied from the nitrogen cylinder along with pressure
regulator. The flow rate of the carrier gas was measured by
rotameter and maintained between 2.5 and 25 mL/min,
depending on the requirement of the reaction.

Preheater—reactor assembly

The syringe pump is connected to the preheater fixed
horizontally. The preheater is assembled with the reactor.
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The preheater is a cylindrical tube with an i.d. of 20 mm,
made up of stainless steel and properly insulated. The
reaction temperature in the catalyst bed was measured with
the help of a thermocouple which is coupled with a digital
temperature controller.

The reactor is fabricated to house the ceramic foam
blocks coated with catalyst of a particular dimension
(42 mm x 42 mm x 15 mm). The reactor is made up of
stainless steel and having a square cross-sectional area. It
has the dimension 42 mm x 42 mm x 200 mm. At the
preliminary stage of the catalyst loading process, a wire
mesh of 40 mm x 40 mm x 1 mm dimension was placed
exactly beneath the reactor to support the catalyst bed.
Catalyst-coated SiC foam is placed at the middle of the
reactor. Inert ceramic beads were packed on both sides of
the catalyst foam within the reactor. The reactor, along
with the thermocouple properly inserted up to the middle of
it, was then fixed with the whole set-up by suitably
attaching it with the preheater and the product outlet tube.
The maximum allowable temperature of the reactor is
450 °C. The outlet of the reactor is connected with a
condenser. The reaction vapor was cooled with the water—
ethylene glycol mixture (60:40 v/v) circulated by chiller
(Fig. 1) through the condenser. The reactor is kept in an
insulated metal jacket with glass wool insulation to mini-
mize the heat loss from the reactor during heating and
reaction.

Experimental procedure and product analysis

Alkylation reactions were carried out using different cata-
lysts coated on SiC foam placed in the flow reactor
described in the preceding section. SiC blocks coated with
catalyst are placed properly within the reactor. Nitrogen as
a carrier gas is allowed to flow at a rate of 5 mL/min during
activation stage of the catalyst for 4-5 h. The catalyst bed
is preheated to attain the steady reaction temperature prior
to the reaction. Various reactants, mixed at different pro-
portions, were vaporized and heated at the desired tem-
perature in the preheater in a flow of nitrogen as carrier gas.
The reaction mixture was then passed through the catalyst
bed. Chiller is set at the temperature — 2 to — 10 °C with
the ethylene glycol and water mixture.

In a typical experimental run, 30 mL of the reactant
mixtures at a known molar ratio is taken in the syringe
pump (Miclins-SP-01) having a syringe capacity of 30 mL.
The reactants are fed to the reactor through a preheater.
The product vapor is condensed in a condenser and col-
lected at a definite time interval.

The reaction samples were analyzed in a Chemito gas
chromatograph (Model GC 8610), fitted with a flame ion-
ization detector. The columns used for the studies are SE-
30 and OV-17 column with 0.8” i.d. and 2 m length for
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both. Nitrogen was used as the carrier gas with a flow rate
of 20 mL/min. The GC conditions for analysis are set
properly according to the reaction.

For toluene alkylation reaction with methanol, injection
temperature was set at 150 °C, oven temperature at 75 °C
and detector temperature at 200 °C. The column tempera-
ture was programmed with an initial temperature of 75 °C
and increased with a ramp rate of 5 °C/min up to 200 °C.

Results and discussions
XRD analysis

From the XRD plots of coated and uncoated ceramic
foams, appearance of sharp peaks at 20 degrees of 25.3°,
41.38°, 44.6° and 53° in both the cases were observed
(Fig. 2), which may be due to the presence of the SiC
hexagonal closed packed crystal structure (standard ICDD
database). The foam after coating showed less intense peak
at the same diffraction angle 41.8 and 44.6. The reduced
intensity in the same peak implies the loss of crystallinity
of the material. Three consecutive peaks at 20 of 26.85°,
27.85° and 28.35° observed in the XRD plots of H-ZSM-5
confirm the presence of a typical H-ZSM-5 structure.

Scanning electron microscopic (SEM) image
and EDXS analysis

The SEM images of powder H-ZSM-5, ceramic foam-
coated H-ZSM-5 and uncoated foam are shown in Fig. 3a—
¢, respectively. Some differences in morphology have been
observed between coated and uncoated foam. The sharp-
ness of the corner of the particles in coated foam is
observed to reduce in comparison to that of the uncoated
one. The SEM images of uncoated and coated strut and
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window of foam are shown in Fig. 4a and b, respectively,
and it is evident that the coated strut and window are
having higher roughness compared to the uncoated strut.
One of the reasons of increasing surface area of the catalyst
is probably due to the increase in roughness in the strut and
window.

Energy dispersive X-ray spectroscopic analysis

The Si to Al ratio of the H-ZSM-5 was found to be around
16 from the quantitative chemical analysis by EDXS
(Table 1).

BET analysis

The results of the BET surface area measurement reveal
that the total surface area of the washcoated ceramic foam
is almost double compared to the uncoated one (Table 2)
and the reason for this may be due to the deposition of high
surface area H-ZSM-5 catalyst powder (surface area
260 m?/g) on the foam surface. It is reported that the sur-
face area of foam can be increased from 1 to 40 m*/g
through washcoating with high surface area material
[18, 41].

The nitrogen adsorption—desorption isotherms of
H-ZSM-5 are displayed in Fig. 5a. The steep initial region
of the hysteresis loop is due to the very strong adsorption
of the gas which implies the presence of micropores. But
the existence of very small hysteresis loop supports the
presence of very small amount of mesopores in the
sample.

It is evident from the differential pore volume distri-
bution of H-ZSM-5 powder shown in Fig. 5b, that the pore
width/diameter of the majority of the pores in the H-ZSM-5
is less than 20 A which suggests that the catalyst is a highly
microporous type (according to ITUPAC-1984).
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Fig. 2 XRD plot of blank SiC foam (a), H-ZSM-5 coated SiC foam (b)
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Fig. 3 a SEM image of
H-ZSM-5 powder, b H-ZSM-5
coated and ¢ uncoated ceramic
foam surface

Fig. 4 SEM image of a uncoated and b coated strut and window of ceramic foam

Effect of various parameters on methylation of toluene effects of certain process parameters on a selective reac-

tion, such as, contact time of catalyst slurry with ceramic
The significance of the use of coated ceramic foam in foam blocks, catalyst loading, reactants mole ratio, tem-
heterogeneous solid-catalytic reaction was studied by the  perature of the reaction, etc.
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Table 1 Quantitative chemical analysis of H-ZSM-5 and uncoated
ceramic foam by energy dispersive X-ray spectroscopic analysis

Elements H-ZSM-5 (wt%) Bare ceramic foam (wt%)
Al 6.01 0

Si 93.99 99.87

Ti 0 0.13

Total 100 100

Table 2 BET surface area of H-ZSM-5 coated and uncoated ceramic
foam

Samples Surface area (m?*/g)
H-ZSM-5 powder 260

Uncoated ceramic foam 13.27

Coated ceramic foam 21.65

Effect of contact time of catalyst slurry
with the ceramic foam block on catalyst loading

The effect of catalyst amount has been studied by varying
the H-ZSM-5 quantity in slurry, keeping all other slurry
properties constant. It is observed from Fig. 6, that the
increase in H-ZSM-5 amount in slurry increases the per-
cent catalyst loading up to 10% (g/mL) slurry concentra-
tion. Although catalyst loading increased above this
concentration up to 20% (W/V), blocking of the pores of
foam started due to the high concentration of slurry which
is not acceptable. In addition, at 30% slurry concentration
no change of catalyst loading on ceramic block could be
seen, as all the pores were blocked and no space was left
blank for further dip-coating. Henceforth, the percentage of
coating remained constant beyond this point. Thus, with
the perspective of satisfactory catalyst loading without
blockage of pore could have been achieved with 10% (g/
mL) catalyst concentration in slurry.

Comparison of catalytic activity between H-ZSM-5
pellet and foam-supported H-ZSM-5

Commercial H-ZSM-5 was chosen as the catalyst for
toluene methylation reaction. For this purpose, a compar-
ison was made between the pellet H-ZSM-5 catalyst and
catalyst coated on foam in terms of toluene conversion
under identical reaction condition and constant amount of
catalyst. Figure 7 shows about 32% increase in initial
conversion for foam-coated H-ZSM-5 in comparison to
pellet catalyst. It was also observed that bare SiC foam has
no catalytic activity towards the same reaction. This
experiment proves the effectiveness of ceramic foam-
coated catalyst over pelleted one, which enlightens the fact
of better industrial application of the coated catalyst. In
addition, the price of foam is also very low.

Reaction conditions

Reactor temperature 400 °C, preheater temperature
350 °C, chiller temperature — 15 °C, weight of catalyst
1 g, N, flow rate 2 x 10~* mol/min, toluene flow rate
0.0025 mol/min, molar ratio (toluene:methanol) 1:2.

Effect of feed rate on conversion

To check the gas film diffusion effect on toluene
methylation reaction, the feed rate of toluene has been
varied up to 0.0045 mol/min, keeping all other reaction
parameters constant. The conversion has been plotted
against toluene flow rate in Fig. 8. It has been observed
that initially the conversion increases linearly up to about
0.0025 mol/min and after that it levels off. It may be
inferred that within the flow rate 0.003 mol/min, the
reactor behaves as a plug flow reactor as the conversion is
changing with feed rate.

Fig. 5 a Nitrogen adsorption 140
desorption isotherm and b pore 120 o 0.06 |
volume distribution of H-ZSM- 1 g 0.05
5 100 et '
] -
o 80P 0.04 1
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38 60 S
| =L 0.02 ]
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Fig. 8 Effect of feed rate on conversion

Reaction conditions

Reactor temperature 400 °C, preheater temperature
350 °C, chiller temperature — 15 °C, weight of catalyst in
each block 0.64 g, molar ratio (toluene:methanol) 1:2.

Effect of temperature on conversion

The search for an effective temperature region for obtain-
ing maximum conversion is an essential part of the
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heterogeneous reaction study and in this purpose, the
reaction was performed at 300, 350, 400, 450 and 470 °C.
It has been observed that, near 470 °C, coke formation
predominates and rapid deactivation starts, proved by the
blackening of the catalyst surface and hence the catalyst
activity declines. The conversions obtained at different
temperatures at 10 min reaction time are plotted and shown
in Fig. 9. It is found that by increasing temperature, con-
version increases, but after 450 °C no further increase in
conversion was observed, rather the conversion dropped
down with further increase in temperature. So, for gener-
ating the kinetic data, the maximum temperature for the
reaction was chosen to be 450 °C. The kinetic study would
be performed at varying temperatures from 350 to 450 °C,
because from 350 °C onwards a rapid increase in conver-
sion was noted.

Reaction conditions

Chiller temperature — 15 °C, weight of catalyst 0.502 g,
N, flow rate 2 x 10~* mol/min, toluene flow rate
0.0039 mol/min, molar ratio (toluene:methanol) 1:2.

Effect of mole ratio on conversion

The effect of reactant concentration on conversion has been
studied varying mole ratio of toluene to methanol from 1:1
to 2:1, keeping moles of methanol constant. It is observed
from Fig. 10 that with the increase of the mole ratio of
toluene to methanol, the conversion increases. For carrying
out the successive runs, the reactant mole ratio was chosen
within this range.

Reaction conditions

Reactor temperature 400 °C, preheater temperature
350 °C, chiller temperature — 15 °C, weight of catalyst

N
o
|

Conversion(%)
NN

a A A
O N P OOOO®ON PO
L

250 350 450 550

Temperature (OC)

Fig. 9 Effect of temperature
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Fig. 11 Effect of partial pressure of toluene on conversion at
different temperatures

0.64 g, N, flow rate 2 x 1074 mol/min, toluene flow rate
0.003 mol/min.

Effect of partial pressure of toluene on conversion

The effect of toluene partial pressure on conversion is
shown in Fig. 11. The nature of the plot shows that up to
about 5 x 107% atm partial pressure, there is a rapid
increase in conversion, after which, the rate of increase in
conversion diminishes, following a parabolic path. This
nature is an example of surface reaction controlled
mechanism.

Reaction conditions

Chiller temperature — 15 °C, N, flow rate 2 x 10~* mol/
min, molar ratio (toluene:methanol) 1:2.

Effect of number of foam blocks on conversion

The effect of increase in catalyst weight was studied by
varying the number of SiC foam blocks in the reactor.

Fig. 12 Effect of number of blocks on conversion

Figure 12 shows that as the number of catalyst block
increases, which in turn assumes the multiples of the
amount of catalyst in a single block, the initial conversion
increases up to two blocks of SiC foam, but with further
increase in number, the conversion remains almost con-
stant. The kinetic study has been performed taking a single
block of catalyst.

Reaction conditions

Reactor temperature 400 °C, preheater temperature
350 °C, chiller temperature — 15 °C, weight of catalyst in
each block 0.152 g, N, flow rate 2 x 10~* mol/min,
toluene flow rate 0.0039 mol/min, molar ratio (toluene:-

methanol) 1:2.
Effect of regeneration

The used deactivated foam-supported catalyst was regen-
erated at 600 °C for 4 h in air flow to burn off the car-
bonaceous deposits on the catalyst. The conversions
obtained in three successive regeneration cycles are shown
in Fig. 13. The conversion obtained with fresh catalyst is

40,
35,

30+

25
20
157
104
5
0 T T

conversion(%)

Fresh catalyst After 1st After 2nd After 3rd
regeneration  regeneration regeneration
catalyst

Fig. 13 Effect of regeneration of H-ZSM-5 coated SiC foam on
conversion
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35%, whereas the conversion with catalyst after the third
regeneration is 24.8%. So, there is 29% reduction in con-
version after three times regeneration.

Reaction conditions

Reactor temperature 400 °C, preheater temperature
350 °C, chiller temperature — 15 °C, weight of catalyst
1 g, N, flow rate 2 x 0% mol/min, toluene flow rate
0.0039 mol/min, molar ratio (toluene:methanol) 1:2.
Effect of W/F variation on conversion

The effect of W/F on conversion has been studied at five
different temperatures (350-450 °C) and will be utilized

for kinetic analysis. Figure 14 shows that all the plots are
having a sharp rise of conversion with W/F.

0.7+

#350C =400C

A 430C x450C

Conversion(%)

WIF (kg-h/kmol)

Fig. 14 Effect of W/F variation on conversion

Table 3 Kinetic and adsorption constants estimated by non-linear curve

Reaction conditions

Chiller temperature — 15 °C, N, flow rate 2 x 10~ mol/
min, toluene flow rate 0.0039 mol/min, molar ratio
(toluene:methanol) 1:2.

Langmuir-Hinshelwood kinetic model

In case of heterogeneous catalysis, Langmuir—Hinshelwood
approach may be considered for the derivation of rate
equation. Alkylation of toluene with methanol to form
xylene and water can be represented by the following
equation:

CgHsCHj3 (A) + CH3;0H (B) — CgHs (CH3)2 (C)

Considering, D is not adsorbing on the catalyst surface
compared to other hydrocarbons, the following cases have
been considered.

Model 1

It is considered that ‘B’ was not adsorbed on catalyst
surface and the surface reaction is rate controlling.

_ Kpaps
1 + Kapa + Kcpc

K = kKq. (1)
Model 2

This model is considered as dual site mechanism where
surface reaction is irreversible and is the rate controlling
step.

fitting analysis

Temperature (K) kg Ka Kg Kc Resnorm
Model 1 (Eq. 1) 623 0.2782 4.08 - 0.6905 0.0008
673 0.5297 2.5140 - 0.3309 0.00062
703 0.7471 1.6250 - 0.1973 0.0016
723 0.9424 1.3505 - 0.0797 0.0005
Model 2 (Eq. 2) 623 0.1738 4.9027 — 0.6684 — 1.7733 0.00085
673 0.9920 — 9.9385 1.5850 5.6456 0.00062
703 1.4229 1.7906 2.7341 44113 0.0013
723 1.3 2.36 53 2.5 0.0011
Model 3 (Eq. 3) 623 — 2.8803 — 0.4743 3.6094 0.5600 0.00054
673 1.3702 3.2943 1.4999 2.9060 0.00035
703 1.5006 3.14 1.488 3.1927 0.0017
723 1.6927 3.0095 1.4522 3.39 0.0013

Resnorm: sum((fun(x, xgu) — data)?)
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3.2-
3 y=-4247.x + 6.274
R%=0.999
2.8
2.61
2.4
2.2
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0.00135 0.0014 0.00145 0.0015 0.00155 0.0016 0.00165
1T (K"
Fig. 15 Arrhenius plot
K
= PAPB s K=kKaKs. (2)

(14 Kapa + Ksps + Kcpc)
Model 3

This model described the dual site mechanism with

adsorption of ‘A’ as the slowest step.
Kapa /

—r = K = KCKD KBk‘,

1+ K'p¢/ps + Keps + Kepe Kok,

(3)

where kg is the kinetic rate constant, K is the equilibrium
constant and K, Kg, K¢, Kp are the equilibrium adsorption
constant for species A, B, C, D, respectively.

Estimation of parameters

Kinetic runs were carried above the minimum feed flow
rate up to which mass transfer effect is considerable. The
minimum feed flow rate was determined at 0.0039 mol/min
(Fig. 8). Alkylation reaction of toluene with methanol was
carried out at four different temperatures 323, 673, 703 and
723 K. W/F was varied and the variation in conversion is
graphically shown in Fig. 14.

For each temperature, rates of reaction were obtained by
differential analysis of the plug flow reactor equation

Fobs = d(‘j/)jF) . (4)

The values of r.,s, Which are expressed in Eq. 4, can be
calculated from the slope of Fig. 13.

The non-linear method of analysis using Matlab 7.9.0
was used for the model analysis and estimation of rate
parameters. The results of the non-linear analysis are
shown in Table 3.

It can be observed from Table 3 that the parameters
show negative values for Model 2 and Model 3. Therefore,

these two models were rejected. In Model 1, kinetic con-
stants increase and equilibrium adsorption constants
decrease with increasing temperature following the usual
behavior.

The kinetic constant evaluated was used to determine
the activation energy and frequency factor using Arrhenius
relationship, k = A.exp(—E,/RT). A plot of Ink versus
1/T exhibited a straight line as shown in Fig. 14. The
apparent activation energy was calculated to be 40 kJ/mol
and frequency factor 5.3 x 10> kmol/kg h (Fig. 15).

Conclusion

Washcoating process with H-ZSM-5 increased the surface
area of blank foam from 13.87 to 21.66 m*/g. The
reusability of catalyst over ceramic foam support was
proved. The activity was retained even after third time
regeneration. Langmuir—Hinshelwood kinetic approach
was proposed. The activation energy and frequency factor
was calculated and found to be 40 kJ/mol and
5.3 x 10 kmol/kg h. Optimum catalyst concentration in
slurry for washcoating was found to be 10% (W/V) catalyst
powder in slurry.
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