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ABSTRACT OF RESEARCH

(An abstract of between 100 and 200 words must be prepared in Bahasa Malaysia and in English.
This abstract will be included in the Annual Report of the Research and Innovation Section at a later
date as a means of presenting the project findings of the researcher/s to the University and the
community at large)

Two types of eolite membranes, SAPO-34 and zeolite A, have been synthesized using direct in-situ
crystallization and microwave heating. The zeolite membranes synthesized were characterized using
different analytical techniques. This includes Scanning Electron Microscopy (SEM), Transmission
Electron Microscopy (TEM), X-ray diffraction (XRD), Thermal Gravimetric Analysis (TGA), Energy
Dispersive Spectroscopy (EDS) and Nitrogen Adsorption, Fourier Transformed Infra-Red. The effect of
microwave heating time and temperature toward the formation of SAPO-34 zeolite membranes with
different zeolite crystal sizes and thickness was studied. The selected zeolite membrane was subjected
to gas separation studies of CH4/CO, and H,/CO, binary gas mixtures over wide ranges of temperature
(30-180 °C) and pressure difference across the zeolite membrane (100-500 kPa). Zeolite A membrane
was synthesized on unseeded and seeded supports using microwave heating. The zeolite A membranes
were subjected to studies of recovery of organic liquids from aqueous solution by pervaporation over
temperature of 69-70 °C, isopropanol feed concentration of 0.81-0.96 % and permeate pressure of 1
kPa. The zeolite membrane structures were correlated with the separation process parameters.

Abstrak Penyelidikan

(Perlu disediakan di antara 100 - 200 perkataan di dalam Bahasa Malaysia dan juga Bahasa
Inggeris.

Abstrak ini akan dimuatkan dalam Laporan Tahunan Bahagian Penyelidikan & Inovasi sebagai
satu cara untuk menyampaikan dapatan projek tuan/puan kepada pihak Universiti & masyarakat luar).

Membran zeolit telah disintesis menggunakan penghabluran langsung in-situ dan pemanasan
gelombang mikro. Membran zeolit yang disintesis telah dicirikan dnegan menggunakan teknik analisis
yang berbeza. Ini termasuklah Scanning Electron Microscopy (SEM), Transmission Electron Microscopy
(TEM), X-ray diffraction (XRD), Thermal Gravimetric Analysis (TGA), Energy Dispersive Spectroscopy
(EDS) and Nitrogen Adsorption, Fourier Transformed Infra-Red. Kesan masa pemanasan gelombang
mikro dan suhu ke atas pembentukan membran zeolit dengan saiz kristal zeolit yang berbeza dan
ketebalan telah dikaji. Membran zeolit yang dipilih dikaji untuk pemisahan campuran-campuran gas
penduaan CH4/CO, dan H,/CO, untuk julat suhu (30-180 oC) dan perbezaan tekanan merentasi
membran zeolit (100-500 kPa) yang luas. Satu lagi jenis membran zeolit yang disintesis dan dikaji untuk
pemisahan cecair organik dari larutan akueus dengan menggunakan pervaporation. Struktur membran
zeolit yang berkait rapat dengan parameter proses pemisahan telah dikaji.




RESEARCH BACKGROUND
Latar Belakang Penyelidikan

Increasingly stringent market and environmental demands mandate large improvements in
processes and catalysts as well as novel manufacturing technologies (McLeary et al., 2006). In the new
millennium, membrane technology has gained importance in view of several emerging separation and
reaction application. The separation of CO, from natural gas (CH,) is a classical example of one such
application (Li et al., 2005b). CO, separation from CHy, is important in enhancing the energy content of
the natural gas. In addition, the acidic and corrosive behavior of CO, in the presence of water within the
transportation and storage system have led to the importance of CO, removal before it is passed to the
pipeline (Li et al, 2005a). There are several methods of separation CO, from CH, such as conventional
adsorption process using amine and cryogenic distillation. However, these hydrocarbon separations
performed in the petrochemical industry are generally costly and involve high operating costs (Engelien,
2004).

The increasing prices of crude petroleum in the international market have led to the need for an
alternative fuel. Hydrogen is one of the potential fuel especially to power our vehicles due to its
environmental friendly nature. Combustion of hydrogen only produces energy and water but no any
pollutants. Steam reforming of natural gas is one of the methods for producing synthesis gas, which is
mixture of hydrogen and carbon monoxide (CO). The hydrogen produced can be separated from carbon
monoxide (Koh et al., 2007). Anyway, traces of CO left in the H, after separation need to be removed to
obtain pure H,, since even trace of CO present in H2 gas could easily spoil the operation of hydrogen
fuel cells used in automotives.

Organic solvents are widely used in various industrial applications. These solvents form azeotropes
(constant boiling mixture) at certain concentrations with water and thus difficult to separated using
convectional distillation technology. It is necessary to recover the organic solvent from its aqueous
solution from environmental and economic point of view. Recovery of organic compounds from aqueous
solutions in the industry is frequently sought but difficult especially when an azeotrope is involved. The
difficulty of separating an azeotropic mixture was encountered in the production of bio-ethanol. Fuel-
grade bio-ethanol production has gained attention recently because it is being used to replace methyl t-
butyl ether as a fuel oxygenate, and it has potential to reduce pollution as well as dependence on non-
domestic sources of petroleum (Bowen et al., 2007). The dehydration of the azeotropic mixture formed
(ethanol/water) is normally carried out using azeotropic distillation. Recently, Cardona Alzate and
Sanchez Toro (2006) reported that if pervaporation is used as dehydration method instead of azeotropic
distillation, further energy savings can be obtained in the bio-ethanol production plant.

Membrane separation and pervaporation have drawn attention of researchers in recent years due to
its low energy cost and environmental benignity (Sridhar et al., 2007). Membrane separation process is
easier to operate and more energy efficient than the other separation processes. Polymeric membrane
(organic membrane) such as hollow fibre module is one the main categories used for industrial
application. However, the thermal instability of polymer membranes has limited its application (Engelien,
2004). In addition, swelling tends to alter the polymeric membrane properties and generally leads to
higher permeability and lower selectivity during pervaporation. In particular, inorganic membranes such
as zeolite and silica are suitable for gas separation of carbon dioxide from natural gas or gaseous
mixtures at high temperature and high pressure, due to their superior thermal, mechanical and chemical
stability, good erosion resistance, and high pressure stability compared to conventional polymeric
membranes (Li et al., 2005b). Inorganic membranes are also posssed with high solvent-resistant
properties and free of swelling (Li et al., 2007).

Zeolites are microporous silicate or alumino-silicate crystalline materials, suitable for steady state
separation of gaseous mixtures due to their well-defined pores of molecular dimensions as well as their
adsorption properties. (Bernal et al., 2003). Zeolite membrane is formed when zeolites grows as films. It
has uniform microporous structure, good thermal stability, high mechanical strength and resistance to
relatively extreme chemical environment (Shan et al., 2004).




There are two main ways of membrane synthesis: (a) in situ crystallization from concentrated gels
and (b) two-step crystallization using externally synthesized seeds fixed on the support (Noack et al.,
2002). Although many different strategies have been employed, the issue of preparing high quality
supported zeolite membranes has not been successfully achieved (Berenguer-Murcia et al., 2005).
Membrane synthesis still imposes challenges such as control of thickness, grain size, crystal orientation,
minimization of the effect of grain boundary defects (such as channel blockages). Hence, a more facile
and controllable approach to synthesize zeolite membrane or films are still needed (Shan et al., 2004). A
zeolite membrane should be high selective with high flux (Pinar Zeynep Culfaz et al., 2006). A cost-
effective synthesis method for zeolite membrane is worth to be explored for this study.

The fundamental understanding of the mechanism of crystal growth and zeolite membrane structure
— activity relationship, as well as the orientation of zeolite crystal is very essential in facilitating the task of
engineering zeolite film microstructure. The correlation between membrane structure, synthesis
procedure and composition need to be investigated (McLeary et al., 2006). The two critical stages: (a)
nucleation and (b) crystal growth, during the formation of supported zeolite membrane are important to
be considered. These two stages are highly sensitive to the experimental conditions such as synthesis
solution composition and can be manipulated to control the crystal growth. Besides the influence of the
synthesis parameters, the shape and orientation of the zeolite seeds and membranes are strongly
dependent on the use of structure directing agent (SDA). Tetrapropylammonium hydroxide (TPAOH) and
tetrapropylammonium bromide (TPABr) are the most currently used SDA for synthesis of MFI
membranes (Lai et al., 2004). The secondary growth of supported zeolite seed layers, is now recognized
as one of the most attractive methods for orienting the formation of consolidated thin membrane. This
method provides improved flexibility for crystal growth and greater control of film microstructure
separately and results in short crystallization time. One of the limitations for zeolite membrane synthesis
is the long synthesis time using classical heating method. Microwave (MW) heating is a fast, simple and
energy efficient method, which reduces significantly the synthesis time of zeolite while improving the
properties of zeolite membrane. The synthesis of zeolite membranes with preferred orientation and
controlled thickness has been reported within a few hours using MW assisted hydrothermal synthesis of
a seeded support (Motuzas et al., 2007).

Intensive membrane studies on gas separation has been focused on different kinds of zeolite
membranes and these include silicate-1 and ZSM-5, due to its importance in membrane separation since
the pore structure of MFI zeolite is near to the sizes of many industrially important organic molecules
(Bernal et al., 2003). However, MFI-types zeolite membranes have pore diameters of ~0.58nm, which
are still too big to selectively separate small gaseous molecules such as CO, (0.33nm kinetic diameter)
and CH,4 (0.38nm kinetic diameter). The small-pore molecular sieves such as zeolite T (0.41 nm pore
diameter), DDR (0.36 X 0.44 nm), and SAPO-34 (0.38 nm) with sufficiently small pores to allow
separation on the basis of size exclusion need to be developed. These membranes are reported to have
high CO,/CH, selectivities, due to a combination of differences in diffusivity and competitive adsorption
(Li et al., 2005b). A thorough understanding of the mechanism of gaseous molecules movement through
the zeolite membrane pore as well as the absorbate - non absorbate interaction need to be studied for
right type of zeolite membrane structure needed for selective separation of gaseous molecule from the
gaseous mixture.

For separation of organic compounds from aqueous solutions, the strong hydrophilic nature of NaA
type zeolite membrane enables the achievement of excellent water separation from aqueous organic
mixtures. NaA zeolite membrane has been the target of many investigations due to its high Al/Si ratio
and small pore size (4.1 A) (Pera-Titus et al., 2007). Van Hoof et al. (2006) compared the dehydration
performance of a commercial inorganic NaA type zeolite membrane with the polymeric membranes for
dehydration of the binary mixtures iso-propanol/water, acetonitrile/water and methylethylketone/water.
For all the solvents that were tested, the zeolite membrane shows the best separation properties at low
water concentrations.

Seed size is one of the main factors influencing the formation of seed layers that determines the qualit
supported zeolite membranes. In addition, the seed sizes used in previous membranes synthesis are usug
small (<200nm). Smaller seed size requires more difficulty in seed preparation and hence makes the procg
for large scale applications. Thus, it is necessary to elucidate the effects of seed sizes on the growth of ze
membranes in order to develop a feasible method for the large-scale synthesis of zeolite seeds and memQ
(Zhang et al., 20086).




There is need of membranes with larger surface area in order to fulfill the processing demands in
industrial production (Pinar Zeynep Culfaz et al., 2006). There have been a number of studies on
producing membranes with enlarged surface area by changing the support shape from a flat disc to a
tube geometry (Noack et al., 2002; Bernal et al., 2003; Pinar Zeynep Culfaz et al., 2006). There is need
for a fundamental understanding of zeolite membrane structure which could result into large-area and
high quality membranes.

The quality of zeolite membrane is determined by intercrystalline porosity (defects), the crystal
orientation relative to the membrane layer, size of the crystal and the thickness and uniformity of the
zeolite layer. Present research efforts have therefore been directed to finding solutions to the above
problem. The present research is mainly focusing on the systematic studies for development of small
and homogenous zeolite seeds, and able to control their size, shape and homogeneity by applying MW-
assisted rapid synthesis method. The influence of chemical composition of the starting sol and the
hydrothermal synthesis conditions such as duration and temperature on the characteristics of the derived
seeds will be studied. This will help to design a zeolite membrane structure needed for a particular
application in the gaseous separation or water removal from organic liquids. A tubular membrane
separator will be designed and fabricated in order to study the performance of zeolite membrane
synthesized over separation of gaseous CO, from the gaseous mixtures of CO,/CH,4 and H, recovery
from the gaseous mixture of H,/CO at different temperature. Pervaporation study will also be done to
separate water from the isopropanol and ethanol aqueous solutions through the zeolite membrane. The
membrane selectivity, separation factor and flux data will be correlated with the parameters related with
zeolite membrane structure.
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b) Objective(s) of the Research
Objektif Penyelidikan

1. To synthesize and characterize high quality zeolite membranes with controlled thickness and
crystal orientation.

2. To study the effect of seed sizes and process parameters on the formation and microstructure of
zeolite membranes.

3. To study the separation mechanism of CH4/CO, and H,/CO, gaseous mixture using zeolite
membrane separator.

4. To study the performance of the synthesized zeolite membrane for the recovery of organic
liquids from aqueous solution of organic liquids by pervaporation.

5. To correlate the separation process parameters with the zeolite membrane structure.




RESEARCH METHODOLOGY
Kaedah Penyelidikan

The project will be conducted in the integrated phases as shown in the flow chart (Figure 1) for both
studies on gaseous mixtures separation and water-organic compound pervaporation.

Design and Fabrication of Zeolite
Membrane Based Separator.

b

| Svnthesis of Zeolite Seeds |

!

| Seeds Characterization |

!
———>| Synthesis of Zeolite Membrane j

A
Modification Membrane Characterization
and Testing
A
Yes Defects

lNo
| !

Gas Separation Studies Pervaporation Studies
(CO,/CH4 & Ho/COy) (EtOH/H,0 & Isopropanol/H,O
system)

Process Optimization, Parameters
Evaluation and Data Analvsis

Y
l Process Model Study 1

‘ Report‘Writinq l

Figure 1: Proposal Research Flow Chart




1.1 Synthesis and Study of Zeolite Seed Sizes Effect on Zeolite Membrane Formation

Microwave (MW) assisted hydrothermal synthesis method will be used to synthesize zeolite
seeds. MW-assisted synthesis is a promising method for a very rapid synthesis of small and
homogenous zeolite seeds. The chemical composition of the starting sol, the sol stirring time and the
hydrothermal synthesis conditions will be varied to synthesize zeolite seeds with different sizes. The
hydrothermal synthesis parameters such as microwave power, temperature, duration, number of
synthesis step will be studied and optimized in order to control the morphological characteristic of zeolite
seeds. The effect of the structure directing agent (SDA) on the shape or orientation of the zeolite seeds
will also be studied in the present research. The effect of seed sizes on the formation and microstructure

of zeolite membrane will be studied. Figure 2 shows the synthesis process for zeolite membrane.

Silica SDA (TPAOH / Deionized
precursor + TPABr / Trimer- + Water + KOH
(TEOS) TPAOH)

S l e

Reaction Mixture (Starting Sol)

l

Sol Aging

|

Teflon lined Microwave Assisted Hydrothermal Synthesis

I

Separation of Seeds from Liquid Product by Centrifugation

|

Ultrasound Cleaning

v
Drying Overnight at 100°C

v
Removal of SDA — Calcination

Figure 2: Preparation of Zeolite Seeds by Microwave Assisted Hydrothermal Synthesis




1.2 Study of the Process Parameters Responsible for Obtaining High Quality Zeolite

Membranes with Controlled Thickness and Crystal Orientation.

Zeolite membrane will be synthesized in this research. & -alumina support will be used due to
its better mechanical strength and thermal stability which makes the handling and sealing easier. In the
present research, the seeds prepared at the first part will be used for preparation of supported zeolite
membrane by secondary growth synthesis method. Secondary growth methods offers advantages such
as flexibility improvement for the crystal growth, elimination of the nucleation step, better control of the
membrane microstructure and enhanced reproducibility. Zeolite membrane synthesis conditions will be
studied for production of high quality zeolite membrane. Thus, the zeolite membrane delivered using
different conditions will be compared in terms of membrane morphology, thickness, orientation and

defects. Figure 3 shows the synthesis process for zeolite membrane.

Deposition of seeds onto the support

y

Secondary growth of membrane by microwave heating on the seeded surface
of the support

}

Membrane subjected to thermal treatment (SDA removal)

!

Zeolite membrane

Figure 3: Synthesis of Zeolite Membrane by MW Heating

1.3 Zeolite Membrane Characterization
Characterization of the zeolite membranes will be conducted as given in Table 1. These

characterization studies will help in better understanding of the properties of zeolite seeds and

membranes.
Table 1: Characterization of Zeolite Membrane
Method Properties
N, adsorption BET Surface area, pore size distribution, micropore and
mesopore volume and isotherm.
X-ray diffraction (XRD) Crystallinity, structure and orientation
Scanning Electron Microstructure, crystal size and thickness

Microscope (SEM)
Thermogravimetric Analysis Water content, SDA content and thermal stability
(TGA)
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1.4 Design and Fabrication of Zeolite Membrane Separator for Gaseous Mixtures Separation

(a) Gaseous Separation Studies

Vapor Permeation Membrane Test Rig will be used to test the performance of the zeolite
membrane in separation of gaseous mixture H, (0.289nm) and SFg (0.55nm). The zeolite membrane’s

role in permeation of single gas and gaseous mixtures of CO,/CH,4 and H,/CO will also be studied.

The schematic diagram of the set up is shown in Figure 4. It consists of vacuum pump, furnace, tubular

type membrane, back pressure regulator, flow meter, mass flow controller and vacuum pump.

™~ Check Valve rGas ] | Gas ] | Sweep Gas
[ Needle Valve ,\[ /4
* %
Mass Flow Controller l /l &
Fl Met:
& Fowmeter [ MFC | [ MFC |
Vacuum Gauge
Pressure Gauge i
@ Vacuum Pump ,’k
[CIT %
® Back Pressure Regulator
y
Furnace
Permeate g
Sampling |
LN Tubular
Membrane
Retentate @ - Separator
Sampling

@—» Vacuum

Figure 4: Schematic of Vapor Permeation Membrane Test Rig

11




(b) Pervaporation Studies

Pervaporation studies will be conducted using a pervaporation unit as shown in Figure 5.
Isopropanol and ethanol aqueous solutions will be used for the pervaporation experiments. Water is
continuously separated from isopropanol and ethanol aqueous solutions through the membrane. The
synthesized zeolite membrane are operated using the same unit and exchangeable membrane cells.
The effect of temperature, feed concentration and pressure difference across membrane will be studied
in order to obtain the optimum operating conditions for the pervaporation studies.

The feed will be placed in the feed tank, heated and re-circulated. On the downstream side, a
vacuum pressure is applied. The permeate pressure will be maintained at 5 — 10 mbar. Permeate will be
condensed by the cold traps filled with liquid nitrogen and two traps will be set in parallel allowing the

experiment to be carried out in a continuous mode. Retentate and permeate samples will be collected at

Temperature Pressure
Indicator Indicator
Membrane Module Retantat —L_
g <)

/Back\——‘
] ¥8 t
+ SRS Pressure |:| FZ?!?\(:I
/ Regulator | Safety v

A Relief ( ‘/\ ( ‘/\
| ¥ Valve, | 74
Cold ]

Feed
Tank

a fixed interval.

Flow
Meter

‘// Heater
Vacuum
Pump _O
Stirrer
Feed \ l
Pump
l / Sampling Point
Drain Point

Figure 5: Schematic of Pervaporation Unit
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1.5 Separation and Pervaporation Performance Studies of the Zeolite Membrane

Both the separation and pervaporation studies on zeolite membrane will be evaluate in term of flux and

selectivity.

Flux is defined as

Where F; = flux of the component i, mol/(mol?.s)
W, = moles of the component i transferred per unit time, mol/s

A = membrane area, m?
i =H,, CO, CH,, water and organic compounds

[y,/y,]
a; =|——
%, 4%, @)

Selectivity is defined as

Where a; = separation factor for component i with respect to component j
Vi = weight of component i in the permeate

Y= weight of component j in the permeate

% = weight of component i in the retentate

*= weight of component j in the retantate

1.6 Correlation of Zeolite Membrane Structure with the Separation Process Parameters

Zeolite membrane structure will be studied using different analytical tools. Information about the
pore size, pore size distribution, zeolite crystal orientation, crystallinity, defects in the membrane and
types of pores will be correlated with the selectivity and flux data. The membrane structure will be tuned
by adjusting synthesis parameters and conditions in order to enhance the separation selectivity and
activity of the zeolite membrane. The mode and mechanism of separation, separation parameters will be
studied and its relation with the membrane structure will be established for better understanding of the
separation process using a mathematical model. The model will be simulated and results will be

compared with the experimental data.
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SUMMARY OF RESEARCH FINDINGS
Ringkasan dapatan Projek Penyelidikan

SAPO-34 zeolite membranes were synthesized before subjected to to gas separation studies of CH,/CO,
and H,/CO, binary gas mixtures. The zeolite crystals size and membrane thickeness increased with the
increase in microwave heating from 0.5 to 3 hours. The optimum condition for the formation of SAPO-34
zeolite membrane was microwave heating time of 2 hours at temperature of 200 °C. The SAPO-34 zeolite
membrane displayed good separation performance for CH4/CO, binary gas mixture. The SAPO-34 zeolite
membrane was found to be CO,-selective compared to CHy.

Zeolite A membranes were studied for recovery of isopropanol from isopropanol-water mixture using
pervaporation method. The performance for the membrane synthesized with seeding was much better
than those sytnhesized without seeding.

COMPREHENSIVE TECHNICAL REPORT
Laporan Teknikal Lengkap

There are two parts for the present project: (a) Synthesis and characterization of SAPO-34
zeolite membranes for gas separation studies of CH4/CO, and H,/CO, binary gas mixtures and (b)
Synthesis and characterization of zeolite A membrane for studies of recovery of isopropanol from
isopropanol-water mixture.

1. SAPO-34 Zeolite Membrane:

SAPO-34 zeolite membranes have been successfully synthesized on 25 mm —diameter « -
alumina supports through two methods: (1) direct in-situ crystallization and (2) microwave (MW) heating.
The synthesis time for SAPO-34 zeolite membrane was significantly shortened to 2 hours at 200 °C
using MW heating compared to 24 hours at 200 °C required by using conventional hydrothermal
synthesis. The SAPO-34 zeolite membranes were characterized using SEM, EDS, XRD, TEM, SAED,
TGA, FTIR and N, adsorption-desorption measurement. SEM and XRD analyses revealed that the
zeolite crystal size of SAPO-34 zeolite membrane increased with increase in MW synthesis time from 0.5
to 3 hours at 200 °C. MW heating time of 2 hours was found to be the optimum for the formation of
SAPO-34 membrane. The SAPO-34 sample formed with MW heating at 200 °C for 2 hours displayed
comparable peak intensity with SAPO-34 sample formed with direct in-situ crystallization at 200 °C for 24
hours. Microwave heating time of more than 2 hours resulted in excessive zeolite crystal growth, as was
observed from the intercrystalline voids in the SEM images. The SAPO-34 zeolite membrane formed
using microwave heating at 200 °C for 2 hours was thinner than the membrane formed using direct in-
situ crystallization at 200 °C for 24 hours. Microwave heating formed orthorhombic SAPO-34 zeolite
crystals with higher uniformity in crystal sizes (< 1 1 m) compared to direct in-situ crystallization. TGA

analysis showed that the SAPO-34 zeolite powder samples formed using conventional hydrothermal
synthesis and MW heating were thermally stable up to 900 °C. From the N, adsorption-desorption
measurement, it was shown that MW heating at 200 °C for 2 hours formed SAPO-34 zeolite powder
sample with larger external surface area (31.71 mZ/g) compared to those formed by direct in-situ
crystallization (11.44 m?/g). This is because that the zeolite crystals formed by MW heating were of
smaller size compared to those formed by direct in-situ crystallization.
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In present study, the MW-synthesized SAPO-34 membrane gave better CO, separation perform
125.27 % increase in CO, permeance and 20.17-63.30 % increase in separation selectivity) in the permea
equimolar CH4/CO, and H,/CO, gas mixtures at 30 °C and 100 kPa pressure difference, compared to SAF
membrane which was formed using direct in-situ crystallization. The effects of temperature (30-180 °C) an
difference (100-500 kPa) on the binary gas permeation through the MW-synthesized membrane were stud
zeolite membrane was able to display high CO,/CH,4 separation selectivities (23-103) with CO, permeance|
8 mol/m?.s.Pa, due to selective separation of CO, from the CH,/CO, gas mixture. The CO,/H, separation s
(1.8-7.9) was lower than CH,/CO, separation selectivity. Owing to much smaller size of H, (0.29 nm) comy
(0.34 nm) and CH4 (0.38 nm), it is harder to separate CO, from H,/CO, gas mlxture compared to removal
CH4/CO, gas mixture. However, the CO, permeance were of 19-39 x 10" mol/m? s.Pa for the separation o
mixture.

2 Zeolite A Membrane:

Zeolite A membranes were successfully synthesized on « -alumina tubular supports using
microwave heating. The effect of seeding on the membrane synthesis was also investigated. All the
membranes were characterized using XRD, SEM/EDS and TGA analysis. SEM revealed that the zeolite
film thickness for membrane synthesized in unseeded and seeded supports was 70 and 21 g m

respectively. The XRD and SEM analysis showed that the membrane synthesized on seeded support
was better than the one synthesized on unseeded support. The thermal stability of the membrane
studioed using TGA analysis showed that the membranes synthesized were stable up to temperature of
800 °C.

Both membranes synthesized on unseeded and seeded supports were evaluated for the
separation of isopropanol from aqueous solution using pervaporation. Under the same operating
conditions, the membrane performance for the seeded support (selectivities of 4-58 and permeation flux
of 1.01-16.72 kg/m”.h) was better compared to the one synthesized on unseeded support (selectivities of
2-34 and permeation flux of 2.66-21.48 kg/m .h). Although the permeation flux for the membrane
synthesized on unseeded support was higher, the selectivity was lower which indicates that there was a
higher content of alcohol in the permeate. This result shows that seeding resulted in a better membrane
formation, thus gave a better performance.

List the key words that reflectour research:
Senaraikan kata kunci yang mencerminkan penyelidikan anda:

English Bahasa Malaysia
Zeolite Zeolit
Membrane Membran
Microwave Gelombang mikro
Gas separation Pemisahan gas
Pervaporation Pervaporation
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a) Milestone Achievement

M1 Synthesis and characterization of different kinds of Yes Development (synthesis
zeolite membranes. and characterization) of
zeolite membranes.
M2 Separation of CO, from CO,-CH,4 gaseous mixture. Yes Separation studies.
M3 Separation of hydrogen (H,) from H,-CO, gaseous Yes Separation studies.
mixture.
M4 Recovery of organic liquid (ethanol/isopropanol) in Yes Pervaporation studies.

high purity from aqueous solution of organic liquid
mixture using pervaporation process.

M5 Membrane structure correlation studies with Yes Separation studies
separation process parameters.

M6 Process modeling and simulation studies Yes Process model studies

M7 Project completion Yes Project completion.
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c) Equipment used for this research.

Peralatan yang telah digunakan dalam penyelidikan ini.

Items

Perkara Approved Equipment Approved Requested Equipment Location

Specialized Online gas chromatograph; Mass flow controller; GC injector | Petroleum laboratory,

Equipment reaction vessel; Microwave School of Chemical

Peralatan vessel set; Homogeneizer Engineering, USM

khusus

Facility Glove box Magnetic hot plate stirrer Petroleum laboratory,

Kemudahan School of Chemical
Engineering, USM

Infrastructure

Infrastruktur

BUDGET / BAJET

Total Approved Budget
Total Additional Budget
Grand Total of Approved Budget

Total Expenditure
Balance

: RM 565,500.00
: RM -
: RM 565,500.00

Yearly Budget Distributed

Year 1 . RM 313,500.00
Year 2 : RM 123,500.00
Year 3 : RM 128,500.00

Additional Budget Approved

Year 1 - RM
Year 2 . RM
Year 3 : RM

: RM 564,984.85
:RM 515.156

e Please attach final account statement from Treasury
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1. Introduction

Propylsulfonic acid-functionalized silicalite-1 membrane and arenesulfonic acid-functionalized silicalite-
1 membrane were synthesized over a-alumina support via one-step in situ hydrothermal crystallization
and subsequent post-synthesis modification. Propylsulfonic acid-functionalized silicalite-1 membrane
was synthesized using 3-mercaptopropyltrimethoxysilane (3MP) as an organosilane source whereas for
arenesulfonic acid silicalite-1 membrane, phenethyltrimethoxysilane (PE) was used as an organosilane
source. The acid capacity of the membrane was varied by adjusting the concentration of organosi-
lane from 5mol% to 20 mol%. The membranes were characterized by X-ray diffraction (XRD), scanning
electron microscopy (SEM) and nitrogen gas permeation. Ammonia temperature-programmed desorp-
tion (NH3-TPD) and Fourier transform infrared spectroscopy (FT-IR) showed the presence of strong
Bronsted acid sites in both membranes. The total acid capacity increased with increase in organosi-
lane concentration in the synthesis mixture. Both membranes were tested for their catalytic activity
in m-xylene isomerization reaction in the temperature range of 355-450°C. Due to higher acid den-
sity, arenesulfonic acid-functionalized silicalite-1 membrane gave higher catalytic activity compared
to propylsulfonic acid-functionalized silicalite-1 membrane. At 450°C, m-xylene conversion of 57%
with 33% p-xylene yield was achieved using arenesulfonic acid-functionalized silicalite-1 membrane
with 15mol% of phenethyltrimethoxysilane, while m-xylene conversion of 46% with 28% p-xylene
yield was achieved using propylsulfonic acid-functionalized silicalite-1 membrane with 15 mol% of 3-
mercaptopropyltrimethoxysilane. The enhancement in p-xylene yield was due to the simultaneous
isomerization reaction and separation of the reaction products through the catalytic membrane. Both
catalytic membranes exhibited good structural stability after subjected to isomerization reaction study
for 120 h.

© 2010 Elsevier B.V. All rights reserved.

Zeolite membranes have been in focus in recent years because
of their well-defined micropore structure, good thermal and struc-

Para-xylene (p-xylene), meta-xylene (m-xylene) and ortho-
xylene (o-xylene) are the three isomers of xylene and used as
industrial solvents or intermediates for many derivatives. Among
the three isomers, p-xylene has the largest commercial market.
p-Xylene is the feed for pure terephthalic acid (PTA) production,
which is generally produced in the petrochemical industry fol-
lowing: (1) separation of p-xylene from its isomers (cryogenic
crystallization or selective adsorption process Parex) and (2) con-
version of o-xylene and m-xylene to p-xylene through xylene
isomerization (XyMax, ExxonMobil) [1-3]. The current technolo-
gies for p-xylene production are highly energy intensive, and
therefore, continuous efforts have been directed to reduce the
production cost of p-xylene and to improve p-xylene yield and
selectivity [4-6].

* Corresponding author. Tel.: +60 4 5996409; fax: +60 4 5941013.
E-mail address: chbhatia@eng.usm.my (S. Bhatia).

0376-7388/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.memsci.2010.05.009

tural stability. These membranes are suitable for their application
in membrane reactors at high temperature [7-10]. Most of these
studies reported MFI type (ZSM-5 and silicalite-1) membranes, due
to their pore structure near to the sizes of many important organic
molecules [7,8]. The application of zeolite membrane as catalytic
membrane reactors has improved catalytic activity, i.e., conversion,
selectivity and yield by selective removal of the product from the
reactor [11,12]. The combined separation and reaction in a single
unit has also provided better flexibility of operation and enhance-
ment in the reaction process [13].

Xylene isomerization is an acid-catalyzed reaction and the use
of H-ZSM-5 as catalyst in the membrane reactor as well as H-ZSM-5
catalytic membrane has been reported by a number of researchers.
van Dyk et al. [4] reported that p-xylene yield of about 10% was
enhanced in an extractor-type membrane reactor as compare to the
conventional fixed bed reactor. Haag et al. [10] also reported 15%
higher m-xylene conversion and 10% more p-xylene selectivity in
H-ZSM-5 catalytic membrane reactor as compared to the conven-
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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 «-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-xylene 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

* Corresponding author. Tel.: +60 4 5996409; fax: +60 4 5941013.
E-mail address: chbhatia@eng.usm.my (S. Bhatia).

1385-8947/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2010.01.022

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=c0)). 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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Separation of p-xylene from ternary xylene
mixture using silicalite-1 membrane: process
optimization studies

Yin Fong Yeong, Ahmad Zuhairi Abdullah, Abdul Latif Ahmad
and Subhash Bhatia*

Abstract

BACKGROUND: The design of experiments (DoE) is applied to the process optimization of p-xylene (pX) separation from its
isomers m-xylene (mX) and o-xylene (oX) mixture using silicalite-1 membrane supported on «-alumina. A central composite
design (CCD) coupled with response surface methodology (RSM) was used to correlate the effect of two separation process
variables, temperature (150-250 °C) and pX feed partial pressure (0.10-0.26 kPa) to three responses: (i) pX flux; (ii) pX/oX
separation factor; and (iii) pX/mX separation factor. The significant factors affecting each response were elucidated from
the analysis of variance (ANOVA). The interaction between two variables was investigated systematically based on three-
dimensional response surface plots.

RESULTS: The optimization criteria were used to maximize the value of pX flux, pX/mX separation factor and pX/oX separation
factor. The optimum pX flux of 5.94 x 10~% mol m~2 s~', pX/oX separation factor of 19 and pX/mX separation factor of 20 were
obtained at a temperature of 198 °C and pX feed partial pressure of 0.22 kPa.

CONCLUSIONS: The experimental results were in good agreement with the simulated values obtained from the proposed
models, with an average error of £:2.90%. In comparison with the conventional approach, DoE provides better flexibility of the
process studies and a useful guideline for the membrane process operation for pX separation.

(© 2009 Society of Chemical Industry

Keywords: separation; ternary xylene mixture; silicalite-1 membrane; design of experiments (DoE); optimization
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INTRODUCTION

Zeolite membranes have been the focus of attention in recent
years because of their characteristics (well defined micropore
structure, good thermal and structural stability), and have found
new applications in gas, vapor and liquid separation, especially in
the petrochemical industry.'™®> One particular process in which
zeolite membranes offer significant advantages over existing
technology is the separation of close-boiling point hydrocarbons,
xylene isomers, which are difficult to separate by distillation or
other complex and energy-intensive processes.®~ '

Separation of para-xylene (pX) from its isomers, meta-xylene
(mX) and ortho-xylene (oX) is an important operation in the
petrochemical industry, but is difficult due to the close boiling
points of xylene isomers (pX: 138 °C, mX: 139 °C and oX: 144 ().
MFl-type zeolite membranes (ZSM-5 or Silicalite-1) could be
utilized for energy-efficient xylene separation because their pore
openingsare close to the kinetic diameters of the isomers (0.58 nm
for pX and 0.68 nm for both mX and oX)

Various research groups have studied the separation of
xylene isomers using zeolite membranes. Keizer et al.* obtained
separation factors of pX/oX <1.0at25 "Cand >200at 102-142 C,
for 0.31 kPa pX and 0.26 kPa oX binary mixture. The results showed
that the separation factors were significantly dependent on the
operating temperature. Sakai et al.'" reported on a self-supporting

MFI-type zeolite membrane for the separation of ternary mixtures
of xylene isomers. The separation studies were performed at
temperatures between 30 “Cand 400 “C, and feed partial pressures
between 0.30 kPa and 5.1 kPa. The separation factors pX/mX and
pX/oX showed the same maximum value of 250 at 200 °C.
Xomeritakis et al.'? investigated the separation of xylene isomer
vapors with oriented MFI membrane in the temperature range
22 °Cto 275 “Cand xylene feed partial pressures up to 0.7-0.9 kPa.
They found that the separation performance of these membranes
is directly related to the synthesis conditions and membrane
microstructure. Hedlund etal.'*' synthesized ultra thin MFI-
membrane on porous «-alumina support by a two-step masking
technique. High pX permeancevalueof 3x 10~ mol m=2 s~ ' pa~!
was obtained together with pX/oX separation factors varying
from 3 to 17 in the temperature range 100-390°C. Tsapatsis
and co-workers>® reported the best results for vapor permeation
separation of xylene isomers using MFl-type zeolite membranes.
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