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ABSTRACT

m-Xylene isomerization kinetics has been studied using acid-functionalized silicalite-1 catalytic mem-
brane in the temperature range of 355-450°C. Two types of catalytic membranes: (1) propylsulfonic
acid-functionalized silicalite-1 membrane and (2) arenesulfonic acid-functionalized silicalite-1 mem-
brane were synthesized on a-alumina support via one-step in situ hydrothermal crystallization and
subsequent post-synthesis modifications. The membranes were characterized by scanning electron
microscopy (SEM), ammonia temperature-programmed desorption (NH3-TPD) and Fourier transform
infrared spectroscopy (FT-IR). Arenesulfonic acid-functionalized silicalite-1 membrane with its higher
acidity gave better catalytic activity as compared to propylsulfonic acid-functionalized silicalite-1 mem-
brane. The continuous removal of reaction products over the membrane contributed in the higher
p-xylene yield. A triangular reaction scheme based on time on stream (TOS) model was used to ana-
lyze the experimental data. The simulated results were in good agreement with the experimental results,
within an error less than +5%. The estimated activation energies indicated that conversion of m-xylene to
p-xylene in both acid-functionalized silicalite-1 membranes is affected by the mass transfer rate through

the membrane, while conversion of m-xylene to o-xylene is controlled by the reaction rate.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Para-xylene (p-xylene) is the feed for pure terephthalic acid
(PTA) production which has the largest commercial market as com-
pared to its isomers, meta-xylene (m-xylene) and ortho-xylene
(o-xylene). With increasing demand of p-xylene, selective produc-
tion of p-xylene by m-xylene isomerization using zeolite catalyst
has gained considerable interest over the years and much attention
has been focused on ZSM-5 zeolite as catalyst due to its high activ-
ity and shape selectivity [1,2]. Recently, the application of zeolite
membrane as catalytic membrane has been reported by number of
researchers [3-8] to improve p-xXylene yield by selective removal of
the product from the reactor. The application of catalytic membrane
reactor has proven flexibility of its operation and improvement in
product selectivity in Knoevenagel condensation reaction between
benzaldehyde and ethyl acetoacetate [9-11].

van Dyk et al. [6] reported that p-xylene yield of about 10%
was enhanced in an extractor-type membrane reactor as compare
to the conventional fixed bed reactor. An increment in p-xylene
production of 28% was observed by Tarditi et al. [5] using 100%
exchanged Ba-ZSM-5 in the membrane reactor. Haag et al. [7] also
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reported 15% higher m-xylene conversion and 10% more p-xylene
selectivity in H-ZSM-5 catalytic membrane reactor as compared
to the conventional packed-bed reactor. Recently, Zhang et al. [8]
reported that an increment of 26% p-xylene yield could be achieved
in a silicalite-1 membrane reactor packed with H-ZSM-5 catalyst.
However, H-ZSM-5 in membrane reactors gave moderate to low
selectivity of p-xylene [12,13].

There is a need to develop a catalytic membrane in order to
improve p-xylene yield, selectivity and separation rate. Due to
the higher diffusion rate of p-xylene compared to m-xylene and
o-xylene, p-xylene could be separated though silicalite-1 mem-
brane [14-16]. However, silicalite-1 is catalytically inactive in its
pure form (an aluminum-free analogue of ZSM-5 (Si/Al=0)). It is
reported in the literature that selective and continuous removal of
p-xylene from the reaction system could enhance xylene isomer-
ization and thus higher selectivity and yield. Therefore, it has drawn
an interest in the synthesis of silicalite-1 membrane with catalytic
acid sites.

To best of our knowledge, synthesis of acid-functionalized
silicalite-1 membrane and its performance in m-xylene isomeriza-
tion has not been reported. Earlier, we reported the introduction
of acid sites in silicalite-1, by adding organic-functional groups
into the synthesis mixture and subsequent transformation of
organic-functional group into acid-functionalized silicalite-1 [17].
The catalytic activity of these membranes in xylene isomerization
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Nomenclature

Cexp experimental xylene concentration (molm=3)
Csim simulated xylene concentration (mol m~3)
Cm concentration of m-xylene (mol m—3)

Cp concentration of p-xylene (mol m~3)

Co concentration of o-xylene (mol m—3)

E; activation energy (kJ/mol)

ki apparent rate constant (g~ min—1)

ko frequency factor (min—1!)

R universal gas constant (8.314]/mol K)

m rate of reaction of m-xylene (molm=3 min—1)
) rate of reaction of p-xylene (molm~3 min—1)
To rate of reaction of o-xylene (molm—3 min~!)
T temperature (K)

t time on stream (min)

T residence time (min)

w membrane weight (g)

Greek letters

o catalyst deactivation constant (min—1)
Subscripts

i 1,-1,2,-2,3,-3

Abbreviations
FT-IR Fourier transform infrared spectroscopy
NH;3-TPD ammonia temperature-programmed desorption

SEM scanning electron microscope
m meta

0 ortho

p para

Yint initial guess of the parameter
Ynew new value of the parameter

reaction has been reported in the present work. The kinetic param-
eters of the reaction needed for the design and scale up of
catalytic membrane reactor has been obtained. Although the reac-
tion scheme of xylene isomerization using acid catalysts has been
reported by various researchers, there are still inconsistencies need
to be addressed [2,18]. Therefore, suitable reaction scheme that can
describe the catalytic activity of the acid-functionalized silicalite-1
membranes need to be figured out.

The objective of the present research is to study m-xylene iso-
merization using two types of catalytic silicalite-1 membranes
namely: (i) propylsulfonic acid-functionalized silicalite-1 mem-
brane and (ii) arenesulfonic acid-functionalized membrane. The
membranes were synthesized, characterized and their activity in
m-xylene isomerization reaction is investigated. A suitable kinetic
model based on isomerization reaction scheme is proposed and
kinetic parameters are obtained at different reaction tempera-
ture. The experimental results were compared with the simulated
results obtained from the proposed model.

2. Experimental
2.1. Preparation of membranes

Acid-functionalized silicalite-1 membranes were synthesized
on a porous a-alumina support by in situ hydrothermal crystal-
lization method as reported in our previous work [16,17]. Firstly,
a porous a-alumina support (diameter =25 mm, thickness =3 mm)
was coated with a thin silica layer using sol-gel technique [19].
The role of the layer was to improve the structural stability and

to reduce the mismatch between membrane and support during
calcination [3]. The synthesis mixture was prepared by mixing
tetrapropylammonium hydroxide (TPAOH, 1M, Merck), double
deionized water (DDI H,0), tetraethylorthosilicate (TEOS, >98%,
Merck) and organosilane source (OS) according to the molar com-
position:

5(1 — x)TEOS : TPAOH : 1000DDIH,0 : 5x(OS)

where x is molar ratio of the organosilane source, OS and
x=0.10. Two types of organosilane source, 3-mercaptopropyl-
trimethoxysilane (3MP) (85%, Acros) and phenethyltrimethoxysi-
lane (PE) (>97%, Fluka) were the used in the present study,
respectively. 4 g of TPAOH, 72 g of DDIH,0, 3.6 g of TEOS and 0.34 g
of 3MP were used for preparation of synthesis solution with 3MP
molar ratio of 0.10, while 4g of TPAOH, 72 g of DDIH,O0, 3.6 g of
TEOS and 0.44 g of PE were needed for the preparation of synthe-
sis solution with PE molar ratio of 0.10. The reaction mixture was
stirred vigorously at room temperature, and then transferred into
Teflon-lined vessel containing a-alumina support percoated with
mesoporous silica layer. After hydrothermal crystallization for 1
day at 175°C, the membrane was repeatedly washed with deion-
ized water and dried at 100°C overnight. In order to make sure
that the membrane was fully coated on the support, nitrogen per-
meation test was performed on the membrane using permeability
measurement before the removal of template [20]. The hydrother-
mal synthesis of the membrane was repeated until membrane was
completely impermeable to nitrogen gas. Finally, the membrane
was calcined at 420°C for 15 h with a heating and cooling rate of
0.5°C/min.

2.2. Post-synthesis modification

2.2.1. Silicalite-1 membrane with propylsulfonic acid sites

The thiol-functional group present in the membrane synthe-
sized using 3MP was oxidized to propylsulfonic acid following the
method reported by Zheng et al. [21]. The calcined membrane was
placed inside a Teflon-lined vessel with the aid of a Teflon support
holder where the membrane faced downward. The membrane was
treated with 30% H, 0, (Merck) at room temperature for 24 h under
stirring. After 24 h, the membrane was washed with DDI water and
soaked in 0.1 M H,SO4 for 4 h. The membrane was again washed
with DDI water and dried at 100 °C overnight.

2.2.2. Silicalite-1 membrane with arenesulfonic acid sites

The phenethyl-functional group present in the membrane syn-
thesized using PE was sulfonated to arenesulfonic acid group
following the method reported by Holmberg et al. [22]. The calcined
membrane was dispersed in 96 wt% concentrated sulfuric acid and
treated at 80°C for 24 h under stirring. After 24 h, the membrane
was washed extensively with DDI water and dried for overnight at
100°C.

The membrane synthesized using 3MP is coded as MAFS-P10.
Similarly, the membrane synthesized using PE is coded as MAFS-
A10.

2.3. Characterization

The crystalline structure of the membranes was determined
by XRD analysis using X-ray diffractometer (Philips PANanalyt-
ical X-Pert PRO) with CuK, radiation (.=1.5406A) operated at
40kV and 30mA. The morphology and thickness of the mem-
branes were determined using Zeiss Supra 35 VP scanning electron
microscope (SEM) with W-Tungsten filament, operated at 3 kV. The
acidity of acid-functionalized silicalite-1 samples was determined
by temperature-programmed desorption of ammonia (NH3-TPD)
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Fig. 1. Schematic of vapor permeation test rig for membrane separation and reaction in a single unit.

using Micromeritics AutoChem I 2920 V3.05 Chemisorp Analyzer.
Approximately 0.02g sample was pretreated in flowing helium
(20 ml/min)at200°Cfor 1 h. After pretreatment, sample was cooled
down to ambient in helium gas. Pulse chemisorption was per-
formed to obtain acidity of sample by saturating the sample with
15% ammonia/helium. NH3-TPD was carried out under a constant
flow of helium (20 ml/min). The temperature was raised from ambi-
ent to 700°C at a heating rate of 10 °C/min. The amount of ammonia
desorbed was detected by a thermal conductivity detector (TCD)
as desorption peak area. The nature of the acid sites of acid-
functionalized silicalite-1 samples was determined using FT-IR
technique. The IR spectra were recorded using a Perkin-Elmer FT-
IR (Model 2000) in the range of 400-4000 cm~! using KBr method.
In order to determine the acid sites, prior to KBr method, the sam-
ple was first exposed to pyridine for 1 h; after degassing at 200 °C,
followed by desorption of physically adsorbed of pyridine at 150°C
under vacuum.

2.4. Experimental setup for m-xylene isomerization study

Fig. 1 shows schematic of the experimental setup used for cat-
alytic membrane reaction and separation in a single unit. The
catalytic membrane disk was sealed with graphite O-rings in a
custom-made spring-loaded type stainless steel reactor fixed inside
a split type heater. The test rig consists of four sections: (a) feed,
(b) preheating, (c) reaction and separation, and (d) product collec-
tion. Before start of the experiment, the catalytic membrane was
pretreated at 200 °C under nitrogen flow for 3 h. The catalytic mem-
brane side of the disk was fed with hydrogen gas passing through
m-xylene (99+%, Acros) saturator maintained at 30 °C, while oppo-
site membrane side was flushed with nitrogen gas as a sweep
stream. The flow rates of the carrier and sweep gases were con-

trolled with mass flow controllers (MKS Instruments). The weight
hourly space velocity (WHSV) in the catalytic membrane reactor
was adjusted by regulating the carrier flow through the satura-
tor. In order to maintain the conversion below equilibrium and
to avoid the formation of undesired products such as toluene or
ethylbenzene, high weight hourly space velocity (WHSV) was used
in the present study [5,6]. The WHSV for MAFS-P10 membrane
was 1800 h~1, corresponds to H, gas flow rate of 50 cm3/min and
m-xylene feed partial pressure of 0.94 kPa. For MAFS-A10 mem-
brane, the WHSV was 1700h~1, corresponds to H, gas flow rate
of 75 cm3/min and m-xylene feed partial pressure of 1.56 kPa. The
volumetric flow of the sweep gas was set at 20 cm3/min. The total
pressure at either sides of the catalytic membrane was maintained
at 101 kPa. All system lines were kept at 180 °C using heating tape to
prevent condensation of the xylene and to maintain correct xylene
vapor pressure. The configuration of acid-functionalized silicalite-1
catalytic membrane reactor is shown in Fig. 2.

A Hewlett-Packard, Model 5890 series Il gas chromatograph
equipped with a Petrocol DH 50.2 capillary glass column (50 m
long x 0.2 mm ID x film thickness 0.5 wm) and FID detector was

ni-xylene + H, retentate

..  —

et e oy A e e e e A e e e e e A e

Acid-functionalized silicalite-1
membrane (catalytic membrane)

— o-alumina support

N sweep gas permeate

Fig. 2. Catalytic membrane reactor configuration for m-xylene isomerization reac-
tion and p-xylene separation in a single unit.
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Fig. 3. Triangular reaction scheme of xylene isomerization.

used to analyze the feed, permeate and retentate streams. The
m-xylene conversion, p-xylene yield, o-xylene yield and p-xylene
selectivity are defined as follows:

m-xylene conversion (%)

_ moles of m-xylene converted
" moles of m-xylene in the feed

x 100 @)

p-Xylene yield (%)

_ moles of p-xylene in products (permeate + retentate)

moles of m-xylene in the feed x 100

(2)

o-xylene yield (%)

_ moles of o-xylene in products (permeate -+ retentate)

100
moles of m-xylene converted x

(3)

p-Xylene selectivity (%)

_ moles of p-xylene in products (permeate + retentate)

100
moles of m-xylene converted *

(4)

The volumetric flow rates of the retentate and permeate streams
were measured at atmospheric pressure and room temperature
using bubble flowmeter. The catalytic membrane area available for
xylene reaction and separation was 2.00 x 10~4 m?2.

3. Kinetic modeling

In the literature, two different reaction schemes are reported
to describe xylene isomerization (by ignoring disproportionation
reaction): (1) a general triangular scheme for the three xylenes
and (2) a simple linear scheme in which the reaction is assumed
to proceed via intramolecular 1,2-shifts of the methyl groups. The
latter allows transformation of o- into p-xylene (and vice versa)
only through m-xylene as an intermediate step, but not directly
[7]. Both schemes have been used by different researchers for the
xylene isomerization reaction using zeolite catalyst [2,18,23-26].

In the present work, a suitable kinetic model to repre-
sent m-xylene isomerization using acid-functionalized silicalite-1
membrane as catalyst is proposed. Since the yield of p-xylene and
o-xylene were underestimated using linear scheme, therefore, tri-
angular reaction scheme was adopted in the present study. Fig. 3
shows the triangular reaction scheme of xylene isomerization.
The catalytic membrane reactor is assumed to be operated under
isothermal condition and membrane weight is taken equivalent to
the catalyst weight.

The differential equations describing the kinetics of m-xylene
isomerization are assumed to be first order with respect to the
reactant [7,18] based on the triangular reaction scheme. The rate
of reaction is assumed to be proportional to the amount of catalyst
[1,7,27]:

'm= ddL: = —[(k] + kz)cm — I{_]Cp - k_zco] x W x exp(ott) (5)
dc

rp = sz = —[(k_1 +k_3)Cp — k1Cm — k3Co] x W x exp(at) (6)

To = % = —[(k_2 + k3)Co — kaCm — k_3Cp] x W x exp(at) (7)

where rpy, 1p and 1, represent rate of reaction (mol m~—3min~!) of
m-xylene, p-xylene or o-xylene, respectively. G, Cy and C, repre-
sent concentration (molm~3) of m-xylene, p-xylene or o-xylene,
respectively, and W represents the catalytic membrane weight (g).
T represents residence time (min) and t represents time on stream
(min). k; represents apparent rate constant (g-! min~1), while «
(min—1) applied in the models as catalyst deactivation constant.
The temperature dependence of the apparent rate constant is rep-
resented as follows:

ki = ko exp [—:—'T} (8)

Seven parameters of k1, ky, k3, k_1,k_o,k_3 and &« were estimated
by solving Egs. (5)-(7) using ordinary differential equation (ODE)
solver available in POLYMATH (Version 5.1). The solution routine
start with an initial guess of kq, k, k3, k_1, k_>, k_3 and «. The ini-
tial guess of these parameters was made by referring to the data
reported in the literature [1,2,7]. The best fit was verified by evalu-
ating the simulated and experimental Gy, C, and C, which should
be in close agreement with the convergence less than 4-0.05. If the
difference between simulated and experimental values was more
than £+0.05, the new value of the parameter is calculated as follows:

Ynew = Yine +(0.05 Yiy¢) (9

where Ypew is new value of the parameter and Y;,, represents ini-
tial guess of the parameter. The new value will be used to solve
the equations and new simulated concentration values are com-
pared with the experimental values. This process continues till the
convergence is reached within an acceptable error (+£0.05). Fig. 4

START
Initial guess of the parameters
(ky ko ks, ke ko k s and )

'

| Solve ODE models (Eqgs. (5) - (7)) |

}

‘ Simulated xylene concentrations |

|

Comparison between experimental and
simulated values

[ Yoow = Yor (005 ¥ |

[ Ceg_Con ] s

Fig. 4. Flow chart algorithm of the solution procedure.
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shows the flow chart of the solution procedure followed to obtain
the kinetic parameters.

4. Results and discussion

4.1. Membrane crystallinity and surface morphology by XRD and
SEM

Fig. 5 shows XRD patterns of the membranes. Fig. 5a shows XRD
pattern of parent silicalite-1 membrane reported in our previous
work [16]. Propylsulfonic acid-functionalized silicalite-1 mem-
brane (MAFS-P10) (Fig. 5b) exhibited diffraction patterns similar to

that of silicalite-1 membrane but with different crystallinity. The
degree of crystallinity was indicated by the peak intensity, which
represent the crystalline phase in the membranes. The crystallinity
of the membrane was calculated as follows [17]:

Sum of peak intensities of the sample 8
Sum of peak intensities of the reference
(10)

%XRD crystallinity =

by considering three strong peaks at 260 ~7.7°, 8.8° and 23°, and
silicalite-1 membrane reported in our previous work [16] was used
as reference.

The crystallinity of the MAFS-P10 was 69% (MAFS-P10). XRD
pattern of arenesulfonic acid-functionalized silicalite-1 membrane
(MAFS-A10) (Fig. 5¢) also exhibited diffraction patterns similar to
that of silicalite-1 membrane, the peak intensity of MAFS-A10 was
slightly lower than that of peak intensity of MAFS-P10. The rel-
ative crystallinity of MAFS-A10 obtained was 63%. These results
show that the acid-functionalized membrane became partially
crystalline, with the presence of amorphous phases. The differences
in crystallinity of both acid-functionalized silicalite-1 membranes
could be due to the molecular weight of the organosilane sources.
PE has higher molecular weight compared to 3MP. This resulted in
higher disruption of the crystal structure, due to more difficult for
PE to incorporate into the sample structure compared to 3MP, and
thus, causing reduction in membrane crystallinity.

Fig. 6 shows SEM micrographs of acid-functionalized silicalite-
1 membranes and both crystalline and amorphous phases were
observed in the membranes. Although coffin shape of silicalite-1
was retained and the crystal size was reduced compared to the
size of silicalite-1 crystal on silicalite-1 membrane as reported in

o-alumina

“o-alumina;

Fig. 6. SEM surface morphology of (a) MAFS-P10, (c) MAFS-A10 membranes and cross-section view of (b) MAFS-P10 and (d) MAFS-A10 membranes.
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Table 1
Weight and thickness of acid-functionalized silicalite-1 membranes.

Membrane Gain in weight after preparation (g) Membrane thickness from SEM (jm) Membrane weight for reaction according
to membrane area (g)
MAFS-P10 0.0723 15 0.0493
MAFS-A10 0.0933 12 0.0636
Table 2

Estimation of acidity from NH3-TPD on acid-functionalized silicalite-1 samples.

Sample Weak acid site Medium acid site Strong acid site aTotal acidity (mmol H*/g)
150°C (mmol H*/g) 280-350°C (mmol H*/g) 550°C (mmol H*/g)

AFS-P10 0.00 0.34 1.20 1.54

AFS-A10 0.23 0.60 1.69 2.52

2 Determined from pulse chemisorption.

our previous study [16]. This shows that silicalite-1 crystals in the
acid-functionalized silicalite-1 membranes are partially crystalline
[17]. Arenesulfonic acid-functionalized silicalite-1 membrane
(MAFS-A10, Fig. 6b) exhibits similar morphology as propylsulfonic
acid-functionalized silicalite-1 membrane (MAFS-P10, Fig. 6a),
but with the presence of higher amorphous phase and smaller
silicalite-1 crystal size. The higher molecular weight of PE com-
pared to 3MP resulted in higher disruption of the crystal structure,
and thus, resulting in higher amorphous phases. This observation
was in agreement with the results obtained from XRD.

The thickness and weight of acid-functionalized silicalite-1
membranes are presented in Table 1. The thickness of membranes
was measured from the cross-section of SEM micrographs. In order
to obtain a representative estimate of membrane thickness, the
average thickness was measured at three different points. As shown
in cross-section SEM micrographs (Fig. 6b and d), a continuous, and
dense layer was observed. Due to the presence of higher amorphous
phase and smaller silicalite-1 crystal, MAFS-A10 membrane is thin-
ner as compared to MAFS-P10 membrane. The membrane thickness
was 15 wm for MAFS-P10 and 12 pm for MAFS-A10, respectively.
From Table 1, it is noted that MAFS-A10 membrane had more
weight than that of MAFS-P10. This was due to higher molecu-
lar weight of PE (the presence of aromatic ring) and increased the
membrane weight.

4.2. Acidity and nature of acid sites by NH3-TPD and FT-IR

The NH3-TPD and FT-IR analyses of both acid-functionalized
silicalite-1 were carried using powder sample obtained from the
bottom of the Teflon-lined vessel during synthesis of membranes.
Silicalite-1 sample obtained in previous study [16] was also charac-
terized for NH3-TPD and FT-IR in order to compare the nature and
locations of acid sites between acid-functionalized silicalite-1 and
silicalite-1 samples.

The distribution of surface acidity and strength of acid sites
of acid-functionalized silicalite-1 samples was determined by
ammonia temperature-programmed desorption (NH3-TPD).
NH;3-TPD profile for the samples is shown in Fig. 7. It is noted
that three adsorption peaks were observed in propylsulfonic
acid-functionalized silicalite-1 sample (AFS-P10, Fig. 7b). The
peak before 100 °C was attributed to the physically adsorbed NH3
[28], and other two desorption peaks in the range of 300-400
and 500-600°C represent medium and strong acid strength,
respectively. As compared with propylsulfonic acid-functionalized
silicalite-1 sample, extra desorption peak at 130-200°C was
observed in NH3-TPD profile of arenesulfonic acid-functionalized
silicalite-1 sample (AFS-A10, Fig. 7c). Total four adsorption peaks
in the temperature range of 50-100 °C (physically adsorbed NH3),
130-200°C (weak acid sites), 200-330°C (medium acid sites)
and 500-600 °C (strong acid sites) were obtained in arenesulfonic

acid-functionalized silicalite-1 sample. Table 2 shows the quan-
titative estimation of acid sites and strength distribution of the
samples obtained from the area under adsorption peaks. The total
acidity and strength of acid sites of AFS-A10 was higher than that
of AFS-P10, as also indicated by the higher intensity of desorption
peak in NH3-TPD profile. The higher acid capacity of AFS-A10
could be due to the presence of aromatic ring, which increased the
sample acidity after strong acid treatment. NH3-TPD profile parent
silicalite-1 only shows one desorption peak at temperature below
100°C (Fig. 7a), which indicates that acid sites were not present in
silicalite-1 sample.

The nature of acid sites present in the samples was analyzed
from FT-IR spectra. Fig. 8 shows FT-IR spectra of pyridine adsorbed
on acid-functionalized silicalite-1 and silicalite-1 samples. IR spec-
tra show adsorption peaks at 1638 and 1542 cm™!, corresponds
to strong Bronsted acid sites for both samples [29]. The weak
absorbances at 1420 and 1470cm~! for AFS-P10 (Fig. 8b) were
assigned to the bending vibrations of methylene groups, CH, [30].
The peak at 1490cm~! was observed in AFS-A10 (Fig. 8c), cor-
responds to pyridine adsorbed on both Lewis and Bronsted acid
sites [31]. Silicalite-1 did not show the presence of acid sites as
shown in Fig. 8a, which is consistent with NH3;-TPD profile. Based
on the results obtained from NH3-TPD and FT-IR, the acid sites of
both acid-functionalized silicalite-1 samples were mostly located
in amorphous phases of the samples.

4.3. m-Xylene isomerization in acid-functionalized silicalite-1
catalytic membrane reactor

The results of m-xylene isomerization using acid-functionalized
silicalite-1 membranes at various reaction temperatures are shown

medium
strong

strong

medium
WW

@

TCD Signal, (a.u.)

/\MMWW-
50 150 250 350 450 550 650

Temperature, °C

Fig. 7. NH3-TPD profile for (a) silicalite-1 [13], (b) AFS-P10 and (c) AFS-A10.
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Fig. 8. FT-IR spectra of pyridine adsorbed on (a) silicalite-1 [14], (b) AFS-P10 and (c)
AFS-A10.

in Fig. 9. It was observed that with increase in reaction temperature
increased m-xylene conversion, p-xylene selectivity and p-xylene
yield. m-Xylene conversion over MAFS-A10 membrane was 42.5%,
47.7% and 52% at reaction temperature of 355, 400 and 450°C,
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Fig. 9. Isomerization results in MAFS-P10 and MAFS-A10 catalytic membrane reac-
tors as a function of temperature.

respectively. As the reaction temperature increased from 355 to
450°C, p-xylene selectivity increased from 58.8% to 62.6%, while
p-xylene yield increased from 25.0% to 31.7%.

MAFS-P10 membrane showed similar trend of m-xylene iso-
merization results as obtained over MAFS-A10 membrane, but with
lower catalytic activity. m-xylene conversion of 31.2% was obtained
at 355°C, and increased to 40.6% at 450°C, while p-xylene selec-
tivity increased from 55.9% to 59.4% as the reaction temperature
increased from 355 to 450 °C. MAFS-P10 membrane gave p-xylene
yield of 17.5%, 21.1% and 24.2% at reaction temperature of 355, 400
and 450 °C, respectively.

Between two types of catalytic membranes studied, MAFS-A10
membrane performed better and gave higher m-xylene conversion,
p-xylene yield and p-xylene selectivity. It is well documented in
the literature that m-xylene isomerization through intramolecu-
lar mechanism is catalyzed by strong Bronsted acid sites [13,32].
FT-IR and NH3-TPD results shows that MAFS-A10 membrane has
higher acidity as compared to MAFS-P10 membrane, although
strong Bronsted acid sites are present in both catalytic membranes
(Table 2).

m-Xylene conversion and p-xylene yield obtained were higher
in the present study using arenesulfonic acid-functionalized
silicalite-1 membrane as compared to other types of catalytic
membranes reported in the literature [5-8]. The acid density and
continuous removal of the reaction products are the important
factors and contributed to the improvement of m-xylene isomer-
ization activity. Fig. 10 shows p-xylene flux over MAFS-P10 and
MAFS-A10 membrane as a function of temperature. The tempera-
ture dependence of p-xylene flux was due to increase in p-xylene
concentration in the reaction zone, causing higher diffusion rate of
p-xylene through the membrane with increase in temperature.

The p-xylene flux obtained over MAFS-A10 membrane was
higher than that of MAFS-P10 membrane. At reaction tempera-
ture of 355 °C, p-xylene flux of 3.74 x 10~6 mol/m? s was obtained
in MAFS-A10 membrane. As the temperature increased from
400 to 450°C, the p-xylene flux increased from 3.98 x 106 to
5.11 x 10~ mol/m?s. These results show that the presence of
higher amount of amorphous phase and smaller silicalite-1 crystals
improved diffusitivity of p-xylene through the membrane. Zhang
et al. [8] reported that p-xylene flux of 2.40 x 10-6 mol/m? s was
obtained (silicalite-1 membrane reactor packed with H-ZSM-5 cat-
alyst) at reaction temperature of 330°C, which was lower than
the flux value obtained in the present work. The present study
shows that higher p-xylene selectivity and yield over arenesulfonic
acid-functionalized silicalite-1 membrane is attributed to more
effective removal of p-xylene through membrane. The continuous
separation of the reaction products through membrane enhanced
m-xylene isomerization activity.
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Fig. 10. p-Xylene flux over MAFS-P10 and MAFS-A10 catalytic membrane reactors
as a function of temperature.
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Table 3

Estimated kinetic parameters for m-xylene isomerization based on time on stream (TOS) using propylsulfonic acid-functionalized silicalite-1 catalytic membrane (MAFS-P10).
Temperature (°C) ki (g7 ' min~') ky (g7' min~1) k(g~'min-1) k-1 (g7' min~1) k 5 (g7 min~1) k 3 (g~' min~1) a (min~1)
355 0.168 0.029 0.054 0.460 0.015 0.051 0.020
400 0.215 0.041 0.079 0.608 0.021 0.083 0.030
450 0.258 0.057 0.096 0.703 0.031 0.097 0.030
ko (min—1) 4.450 4.970 4.467 11.914 3.710 7.268
E; (k]/mol) 17.060 26.853 22.905 16.883 28.830 25.6221

Table 4

Estimated kinetic parameters for m-xylene isomerization based on time on stream (TOS) using arenesulfonic acid-functionalized silicalite-1 catalytic membrane (MAFS-A10).
Temperature (°C) ki (g ' min1) ko (7' min~1) ks (g7' min~1) k-1 (g7 ' min~!) k> (g7 ' min~!) k-3 (g~ ' min~!) a (min~1)
355 0.691 0.035 0.088 1.451 0.016 0.093 0.020
400 0.837 0.047 0.113 1.672 0.021 0.112 0.030
450 0.989 0.063 0.141 1.870 0.031 0.168 0.035
ko (min1) 10.623 3.062 3.195 10.099 2.390 7.983
E (kJ/mol) 14.252 23.354 18.737 10.113 26.251 23.445

Both of the membranes were stable and gave reproducible cat-
alytic activity after experimental runs for 120 h of operation at
temperature ranged from 355 to 450°C. The presence of higher
amount of amorphous phase in MAFS-A10 did not affect the cat-
alytic stability of the membrane. The membrane performed well in
m-xylene isomerization and separation of p-xylene from its isomers
although some voids between individual crystals were observed.
This could be due to the presence of compact intermediate layer
under the top layer.

4.4. m-Xylene isomerization kinetics modeling

4.4.1. Kinetic parameters

The apparent kinetic parameters for m-xylene isomerization
over MAFS-P10 and MAFS-A10 membranes at different reaction
temperatures are presented in Tables 3 and 4, respectively. The
frequency factor and activation energy were calculated using
Arrhenius relationship (Eq. (8)) and the plot of In k as a function of
reciprocal of temperature is shown in Figs. 11 and 12, respectively.

It can be observed in Tables 3 and 4, k_; has the largest value
among the apparent rate constants with its smallest activation
energy, E_;. This indicates that conversion of p-xylene to m-xylene
(k_1) was the easiest on the catalytic membranes. E_; was slightly
less than Eq, shows that the conversion of p-xylene to m-xylene was
slightly easier than that of conversion of m-xylene to p-xylene (kq).
E_1 and E; obtained over MAFS-P10 membrane were slightly higher
than 15 kJ/mol indicates that conversion of p-xylene to m-xylene
(k_1) and m-xylene to p-xylene (kq ) falls in the transition regime of
diffusion and chemical reaction [2]. However, acidity of the mem-
brane and reaction conditions remained constant throughout the
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Fig.11. Apparentreactionrate constant, k as a function of reciprocal of temperature,
1/T for m-xylene isomerization using propylsulfonic acid-functionalized silicalite-1
catalytic membrane reactor (MAFS-P10).

experiments. Therefore, the rate of diffusion of xylene isomers
through the membrane is more important compared to the chem-
ical reaction for conversions of p-xylene to m-xylene (k_;) and
vice versa (kq). E_; and Eq obtained over MAFS-A10 membrane
(Table 4) were lower than 15 kJ/mol. This implies that conversions
of p-xylene to m-xylene (k_;) and m-xylene to p-xylene (k) in
MAFS-A10 membrane are controlled by diffusional rate.

The activation energies of E,, E_, E3 and E_3 were higher than
that of E; and E_; (Tables 3 and 4), show that apparent reaction rate
constants of ky, k_, k3 and k_3 are controlled by chemical reaction
in the membrane [2]. It is reported that isomerization of xylene is
an acid-catalyzed reaction and the extent of interaction between
acidic site and adsorbed species would depend on acid strength of
the site and basicity of individual molecule [2]. Based on the mag-
nitude of activation energies, E_, exhibited highest value followed
by E; (Tables 3 and 4). This implies that it is more difficult to cause
the shift of methyl group in aromatic ring, from o-xylene to m-
xylene, or from m-xylene to o-xylene in the catalytic membranes.
Therefore, chemical reaction plays an important role for conver-
sions of m-xylene to o-xylene and vice versa. The results obtained
in the present study suggested that the adsorption strength of
xylene isomers on both catalytic membranes is in the order of o-
xylene > m-xylene > p-xylene, in line with the results reported by
Li et al. [2] using H-ZSM-5 zeolite catalyst. Besides, xylene isomer-
ization results show that quantity of p-xylene in products exceeds
that of o-xylene, mainly due to o-xylene would undergo further
isomerization before diffusing from the membrane.

It can be observed that apparent reaction rate constants, k_1, k1,
ko, k_2, k3, and k_3 obtained using MAFS-A10 membrane (Table 4)

——— o R0 whk
0 2 . m Ink;
T R, Lug
o Ink,
Oln k>
Snks
-2 4 R* - 0.9994
e R’ =09618
£ R>=0.99 99
-6 . r . . T
135 1.40 1.45 1.50 1.55 1.60 1.65
3 .
1/Tx 10°, K

Fig.12. Apparentreactionrate constant, k as a function of reciprocal of temperature,
1/T for m-xylene isomerization over arenesulfonic acid-functionalized silicalite-1
catalytic membrane reactor (MAFS-A10).
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Table 5

Comparison between experimental and simulated m-xylene conversion in acid-functionalized silicalite-1 catalytic membrane reactor.

Time (min) MAFS-P10 membrane MAFS-A10 membrane

Temperature (°C) Temperature (°C)

355 400 450 355 400 450

Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim.
10 13.03 13.17 14.25 13.61 11.15 11.48 27.71 27.83 30.50 29.98 34.88 33.47
20 20.83 19.98 25.15 24.13 21.83 22.04 32.26 31.15 36.02 35.73 39.46 38.40
30 27.90 26.60 28.00 28.69 27.45 27.77 37.67 36.72 39.71 38.93 42.38 41.41
40 28.87 27.59 31.75 32.65 33.83 32.78 41.11 41.42 42.53 42.28 45.61 44.55
50 31.03 29.90 34.84 34.44 39.75 37.77 42.60 42.00 46.28 45.17 50.30 49.14
60 31.24 30.14 35.87 34.82 40.23 39.02 42.73 42.92 47.04 46.97 52.17 50.53
Mean error (%) 3.20 1.22 0.99 0.96 1.27 2.80
Standard deviation 2.14 3.20 3.80 1.77 2.92 0.70

were higher than that of those values obtained using MAFS-P10
membrane (Table 3). This was due to the presence of higher con-
centration of strong acid sites and total acid sites in MAFS-A10
membrane (Table 2) [32]. The activation energies, E; obtained using
MAFS-A10 membrane were lower than that of E; obtained using
MAFS-P10 membrane, and thus, better isomerization activity is
observed over MAFS-A10 membrane. The higher value of appar-
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Fig. 13. Comparison between experimental and simulated data for m-xylene iso-
merization in propylsulfonic acid-functionalized silicalite-1 (MAFS-P10) catalytic
membrane reactor: (a) 355°C, (b) 400°C and (c) 450°C.

ent rate constants k; indicated that conversion of m-xylene to
p-xylene was relatively faster over MAFS-A10 membrane as com-
pared to MAFS-P10 membrane. Therefore, higher p-xylene yield
was obtained (Fig. 9¢). The difference in activation energy shows
that there was a difference in the catalyst intrinsic acidity of the
active sites between these two membranes, which is consistent
with NH3-TPD (Fig. 7) and FT-IR results (Fig. 8), respectively.

Since m-xylene isomerization is well represented by triangu-
lar reaction scheme, these results confirmed that acidity (chemical
reaction) and continuous removal of reaction products (diffusion
rate) through membrane are the important factors contributed to
m-xylene isomerization activity in acid-functionalized silicalite-1
membranes. The catalyst deactivation constant, o for both mem-
branesis slightly changed with increase in the reaction temperature
(Tables 3 and 4). This indicates that during isomerization, some of
the acid sites could be covered with the intermediates and thus
did not participate in the reaction. However, o value was relatively
small and did not affect the overall membrane performance in the
isomerization reaction.

4.4.2. Comparison between simulated and experimental results

The comparison between simulated and experimental results
of m-xylene isomerization using MAFS-P10 and MAFS-A10 mem-
branes at various reaction temperatures is shown in Figs. 13 and 14,
respectively. Tables 5 and 6 compare simulated m-xylene conver-
sion and p-xylene yield with the experimental results. It can be
observed that the simulated results are in good agreement with
the experimental results within an error less than & 5%. A normal
distribution of residuals with regression coefficient of 0.999 was
observed in the reconciliation plots of p-xylene selectivity as shown
in Fig. 15. These results indicate that triangular reaction scheme
based on time on stream (TOS) models (Eqgs. (5)-(7)) is appropri-
ate for m-xylene isomerization reaction over acid-functionalized
silicalite-1 membrane as catalytic membrane.

4.5. Comparison with the literature results

Kinetic studies for m-xylene isomerization using catalytic mem-
brane reactor are only reported by Haag et al. [7] using H-ZSM-5
membrane. Table 7 compares the activation energies obtained in
this work with the reported activation energies by Haag et al.
[7]. It can be observed that activation energies obtained in the
present study were lower than that of those values reported by
Haag et al. [7]. This could be due to (a) higher p-xylene flux; (b)
structure and morphology and (c) higher acid capacity of acid-
functionalized silicalite-1 membrane. The continuous removal of
the reaction products through membrane increased the p-xylene
yield.
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Table 6

Comparison between experimental and simulated p-xylene yield in acid-functionalized silicalite-1 catalytic membrane reactor.

Time, min MAFS-P10 membrane MAFS-A10 membrane
Temperature ( °C) Temperature (°C)
355 400 450 355 400 450
Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim.
10 7.36 7.00 8.34 8.57 6.69 7.02 15.84 16.05 18.60 18.93 21.22 22.40
20 11.76 11.22 14.72 15.19 13.10 13.70 18.44 19.33 21.96 22.47 24.01 25.62
30 15.75 15.18 16.39 17.05 16.48 17.23 21.54 20.82 24.20 24.81 25.78 26.32
40 16.30 15.84 18.58 19.25 20.31 20.88 2351 23.80 25.97 25.69 27.75 28.17
50 17.52 16.75 20.39 21.37 23.86 24.10 24.35 25.20 28.25 29.64 30.60 29.88
60 17.46 17.74 21.12 22.05 24.15 24.69 25.01 25.24 28.59 29.67 31.74 31.57
Mean error (%) 3.10 —3.80 —-3.36 —-1.41 —2.38 —-2.17
Standard deviation 243 0.77 1.59 2.78 2.03 3.48
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Table 7
Comparison of the activation energies obtained in the present work and literature.
Catalytic Activation energies, E; (kJ/mol) Ref.
membrane
E] Ez Eg E,] E,z E,3

H-ZSM-5 36.3 566 398 358 329 359 [7]
MAFS-P10 171 269 229 169 288  25.6  Present study
MAFS-A10 143 234 18.7 10.1 26.3 234  Present study

using 10 mol% of 3-mercaptopropyltrimethoxysilane (3MP) and
10mol% of phenethyltrimethoxysilane (PE) as an organosilane
sources, respectively. SEM micrographs show that well inter-
growth membranes were formed. NH3-TPD and FT-IR studies
show that strong Bronsted acid sites were present in both acid-
functionalized silicalite-1membranes. The membranes were tested
for m-xylene isomerization at reaction temperature from 355 to
450°C and the results were adequately analyzed by triangular
reaction scheme. The experimental results show that arenesul-
fonic acid-functionalized silicalite-1 membrane performed better
in m-xylene isomerization reaction as compared to propylsulfonic
acid-functionalized silicalite-1 membrane, with m-xylene conver-
sion of 52% and p-xylene yield of 32% at reaction temperature of
450°C.

The kinetic parameters determined using triangular reaction
scheme indicated that m-xylene isomerization reaction rates in
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both membranes were affected by the diffusional mass transfer
rates. The enhancement in m-xylene conversion and p-xylene yield
using arenesulfonic acid-functionalized silicalite-1 membrane as
compared to propylsulfonic acid-functionalized silicalite-1 mem-
brane was due to its lower activation energies and presence of
higher acidity. The kinetic parameters reported in the present study
will be useful in the rational deign of catalytic membrane reactor
for the production of p-xylene through xylene isomerization.
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