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D. Duration of this research: 
Tempoh masa penyelidikan ini : 

*Duration : 4 years and 3 months 
Tempoh: 

From 
Dari: 

: 1 October 2007 

E. ABSTRACT OF RESEARCH 

To 
Ke : 

• 31 December 2011 

(An abstract of between 100 and 200 words must be prepared in Bahasa Malaysia and in English. 
This abstract will be included in the Annua l Report of the Research and Innovation Section at a later 
date as a means of presenting the project find ings of the researcherls to the University and the 
community at large) 

Two types of eolite membranes, SAPO-34 and zeo lite A, have been synthesized using direct in-situ 
crystallization and microwave heating . The zeol ite 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 zeo lite crystal sizes and thickness was studied . The selected zeolite membrane was subjected 
to gas separation studies of CH,JC02 and H2/C0 2 binary gas mixtures over wide ranges of temperature 
(30-180 DC) and pressure difference across the zeolite membrane (100-500 kPa). Zeol ite A membrane 
was synthesized on unseeded and seeded supports using microwave heating. The zeo lite A membranes 
were subjected to studies of recovery of organic liquids from aqueous solution by pervaporation over 
temperature of 69-70 DC, 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 da lam Bahasa Malaysia dan juga Bahasa 
Inggeris . 
Abstrak ini akan dimuatkan dalam Laporan Tahunan Bahag ian Penye lidikan & 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 disintes is telah dicirikan dnegan menggunakan tekn ik analisis 
yang berbeza. Ini termasuklah Scanning Electron Microscopy (SEM), Transmission Electron Microscopy 
(TEM), X-ray diffraction (XRD), Thermal Gravimetric Ana lysis (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 dikaj i. Membran zeo li t yang dipi lih dikaji untuk pemisahan campuran-campuran gas 
penduaan CH,JC02 dan H2/C0 2 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 ceca ir organik dari larutan akueus dengan menggunakan pervaporation. Struktur membran 
zeolit yang berkait rapat dengan parameter proses pemisahan telah dikaji . 
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F. RESEARCH BACKGROUND 
Latar Belakang Penyelidikan 

Increasing ly stringent market and environmenta l demands mandate large improvements in 
processes and catalysts as well as novel manufacturing technologies (McLeary et aI., 2006). In the new 
millennium, membrane technology has gained importance in view of several emerging separation and 
reaction application. The separation of CO2 from natural gas (CH4) is a classical example of one such 
application (Li et aI., 2005b). CO2 separation from CH4 is important in enhancing the energy content of 
the natural gas. In addition, the acid ic and corrosive behavior of CO2 in the presence of water within the 
transportation and storage system have led to the importance of CO2 removal before it is passed to the 
pipeline (Li et ai, 2005a). There are severa l methods of separation CO2 from CH4 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 aI., 2007). Anyway, traces of CO left in the H2 after separation need to be removed to 
obtain pure H2, since even trace of CO present in H2 gas could easi ly spoi l 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 especia lly 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 aI., 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 aI. , 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 instabi lity 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 se lectivity during pervaporation. In particular, inorganic membranes such 
as zeolite and si lica 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 chemica l 
stability, good erosion resistance, and high pressure stability compared to conventiona l polymeric 
membranes (Li et aI., 2005b). Inorganic membranes are also posssed with high solvent-resistant 
properties and free of swel ling (Li et aI. , 2007). 

Zeolites are microporous silicate or alumino-si licate crysta lline 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 aI. , 2003) . Zeolite membrane is formed when zeol ites grows as films. It 
has uniform microporous structure, good thermal stabi lity, high mechanical strength and resistance to 
relatively extreme chemical environment (Shan et aI., 2004). 
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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 aI., 
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 aI., 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 aI., 2004). A 
zeolite membrane should be high selective with high flux (Pinar Zeynep Culfaz et aI., 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 aI., 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 aI., 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 aI., 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 aI., 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 CO2 (0.33nm kinetic diameter) 
and CH4 (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 CO2/CH 4 selectivities, due to a combination of differences in diffusivity and competitive adsorption 
(Li et aI., 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 AI/Si ratio 
and small pore size (4.1 A) (pera-Titus et aI., 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 usuc 
small «200nm). Smaller seed size requires more difficulty in seed preparation and hence makes the proc 
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 memt 
(Zhang et aI., 2006). 
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There is need of membranes with larger surface area in order to fulfill the processing demands in 
industrial production (Pinar Zeynep Culfaz et aI., 2006) . There have been a number of studies on 
producing membranes with enlarged surface area by chang ing the support shape from a flat disc to a 
tube geometry (Noack et aI. , 2002; Bernal et aI., 2003; Pinar Zeynep Culfaz et aI., 2006). There is need 
for a fundamental understanding of zeolite membrane structure which cou ld result into large-area and 
high quality membranes. 

The quality of zeolite membrane is determined by intercrystal line porosity (defects), the crysta l 
orientation relative to the membrane layer, size of the crysta l 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 chemica l 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 remova l 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 CO2 from the gaseous mixtures of C02/CH 4 and H2 recovery 
from the gaseous mixture of H2/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. 

(a)(i) References 

i. Berenguer-Murcia A', Morallo'n E., Cazorla-Amoro's D. and Linares-Solano A'. (2005). Preparation 
of silicate-1 layers on Pt-coated carbon materials : a possible electrochemical approach towards 
membrane reactors. Microporous and Mesoporous Materials. 78, 159-167 

ii. Bernal M. P., Coronas J., Menendez M. and Santamaria J. (2003). On the effect of morphological 
features on the properties of MFI zeolite membranes. Microporous and Mesoporous Materials. 60, 
99-110. 

iii. Bowen T.C., Meier RG. and Vane L.M. (2007). Stability of MFI zeolite-filled PDMS membranes 
during pervaporative ethanol recovery from aqueous mixtures containing acetic acid . Journal of 
Membrane Science. 298,117-129 

iv. Cardona Alzate C. A. and Sanchez Toro O. J. (2006) . Energy consumption analysis of integrated 
flowsheets for production of fuel ethanol from lignocellulosic biomass. Energy. 31, 2447-2459. 

v. Engelien H.K. (2004). Process Integrated Membrane Separation - with Application to the Removal 
of C02 from Natural Gas. Department of Chemical Engineering, NTNU 

http://www.nt.ntnu.no/users/skoge/pu blications/thesis/2004 _ engelien/presentations/Trial%20 _Iectur 
e_ presentation_19_03_04 .ppt 

vi. Koh Alaric C.W., Chen Luwei, Leong Weng Kee, Johnson Brian F.G., Khimyak Tetyana and Lin 
Jianyi (2007). Hydrogen or synthesis gas production via the partial oxidation of methane over 
supported nickel-cobalt cata lysts. International Journal of Hydrogen Energy. 32, 725-730. 

vii. Lai Z., Tsapatsis M. and Nicolich J.P. (2004) . Sil icious ZSM-5 membranes by secondary growth of 
b-oriented seed layers. Advanced Functional Materials. 14, 716-729. 

viii. Li S, Alvarado G., Noble RD. and Falconer J.L. (2005a). Effects of impurities on C02/CH 4 

separations through SAPO-34 membranes. Journal of Membrane Science. 251, 56-66. 
ix. Li S, Martinek J.G., Falconer J.L, Nobel RD. and Gardner T.Q . (2005b). High-pressure C02/CH 4 

separation using SAPO-34 membranes. Industrial and Engineering Chemistry Research. 44, 3220-
3228. 

x. Li Y., Zhoua H., Zhua G., Liu J. and Yang W. (2007). Hydrothermal stability of L TA zeolite 
membranes in pervaporation. Journal of Membrane Science. 297, 10-15 

xi. McLeary E.E., Jansen J.C. and Kapteijn F. (2006). Zeolite based films, membranes and membrane 
reactors : Progress and prospects. Microporous and Mesoporous Materials. 90, 198-220. 
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xii. Motuzas J., Heng S., Ze Lau P.P.S., Yeung K.L., Beresnevicius Z.J., Julbe A (2007) Ultra-rap id 
production of MFI membranes by coupling microwave-assisted synthesis with either ozone or 
calcinations treatment. Microporous and Mesoporous Materials. 99 197-205. 

xiii . Noack M., Kolsch P., Schafer R., Toussaint P., Sicber I. and Caro J. (2002) Preparation of MFI 
membranes of en larged area with high reproducibility, Microporous and Mesoporous Materials. 49 , 
25-37 

xiv. Shan W ., Zhang Y., Yang W. , Ke C., Gao Z , Ye Y. and Tang Y. (2004). Electrophoretic deposition 
nanosized zeolites in non-aqueous medium and its application in fabricating thin zeolite 
membranes. Microporous and Mesoporous Materials. 69, 35-42. 

xv. Sridhar S., Suryamurali R., Smitha B. and Aminabhavi T.M. (2007). Development of crosslinked 
poly (ether-block-amide) membrane for CO2/CH 4 separation. Colloids and Surfaces: Physicochem 
Eng. Aspects. 297,267-274. 

xvi. Pera-Titus M., Bausach M., Llorens J. and Cunill F. (2007). Preparation of inner-side tubular zeolite 
NaA membranes in a continuous flow system. Separation and Purification Technology. in press. 

xvii.Piera Elena, Brenninkmeijer Carl AM., Santamaria Jesus and Coronas Joaquin (2002). Journal of 
Membrane Science. 201 , 229-232. 

xviii. Pinar Zeynep Culfaz, Ali Culfaz and Halil Kalipeilar (2006). Preparation of MFI type zeolite 
membranes in a flow system with circulation of the synthesis solution . Microporous and Mesoporous 
Materials. 92, 134-144 

xix. Van Hoof V., Dotremont C. and Buekenhoudt A (2006). Performance of Mitsui NaA type zeol ite 
membranes for the dehydration of organic solvents in comparison with commercial polymeric 
pervaporation membranes. Separation and Purification Technology. 48, 304-309. 

xx. Zhang X.F. , Liu H.O. and Yeung K.L. (2006). Influence of seed size on the formation and 
microstructure of zeolite si licate-1 membranes by seeded growth. Materials Chemistry and Physics. 
96,42-50 

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/C0 2 and H2/C0 2 gaseous mixture using zeolite 
membrane separator. 

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

5. To correlate the separation process parameters with the zeo lite membrane structure. 
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G. RESEARCH METHODOLOGY 
Kaedah Penyelidikan 

The project wil l 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. 

Yes 

~ 

Design and Fabrication of Zeolite 
Membrane Based Separator. 

Svnthesis of Zeolite Seeds 

Synthesis of Zeolite Membrane 

Membrane Characterization 
and Testing 

Defects 

~NO 

~ 
Gas Separation Studies Pervaporation Studies 

(C02/CH 4 & H2/C02) (EtOH/H20 & Isopropanol/H2O 

I 
system) 

I 
~ 

I 
Process Optim ization , Parameters 

I Evaluation and Data Analvsis 

~ 
I Process Model Study I 

~ 
I Report Writinq I 

Figure 1: Proposal Research Flow Chart 
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1.1 Synthesis and Study of Zeolite Seed Sizes Effect on Zeolite Membrane Formation 

Microwave (MW) assisted hydrothermal synthesis method wi ll be used to synthesize zeolite 

seeds. MW-assisted synthesis is a promising method for a very rap id synthesis of small and 

homogenous zeolite seeds. The chemica l composition of the starting sol, the sol stirring time and the 

hydrothermal synthesis cond itions wi ll be varied to synthesize zeo lite 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 zeo lite seeds 

wi ll also be studied in the present research . The effect of seed sizes on the formation and microstructure 

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

Silica 
precursor 
(TEOS) 

I 

I 

+ 

I 

SDA (TPAOH I 
TPABr I Trimer­

TPAOH) 
+ 

Deionized 
Water 

Reaction Mixture (Starting Sol) 

I Sol Aging I 

I 

Teflon lined Microwave Assisted Hydrothermal Synthesis 

Separation of Seeds from Liqu id Product by Centrifugation 

~ 
I Ultrasound Cleaning I 

I Drying Overnight at 100°C J 

Removal of SDA - Calcination 

I 

I 

Figure 2: Preparation of Zeolite Seeds by Microwave Assisted Hydrothermal Synthesis 
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1.2 Study of the Process Parameters Responsible for Obtaining High Quality Zeolite 

Membranes with Controlled Thickness and Crystal Orientation. 

Zeol ite membrane will be synthesized in this research . a -alumina support will be used due to 

its better mechanical strength and thermal stability wh ich makes the hand ling and sea ling easier. In the 

present research, the seeds prepared at the first part wil l be used for preparation of supported zeol ite 

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 reproducibil ity. Zeolite membrane synthesis conditions will be 

studied for production of high quali ty zeo li te membrane. Thus, the zeoli te membrane delivered using 

different cond itions will be compared in terms of membrane morphology, thickness, orientation and 

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

I Deposition of seeds onto the support I 
~ 

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

I of the support 

~ 
I Membrane subjected to thermal treatment (SDA remova l) I 

~ 
I Zeolite membrane I 

Figure 3: Synthesis of Zeolite Membrane by MW Heating 

1.3 Zeolite Membrane Characterization 

Characterization of the zeoli te membranes will be conducted as given in Table 1. These 

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

membranes. 

Table 1: Characterization of Zeolite Membrane 

Method Properties 
--~ N2 adsorption BET Surface area, pore size distribution, micropore and 

meso pore volume and isotherm. 

X-ray diffraction (XRD) Crysta llinity, structure and orientation 

Scann ing Electron Microstructure, crysta l size and thickness 

Microscope (SEM) 

Thermogravimetric Ana lysis 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 wi ll be used to test the performance of the zeolite 

membrane in separation of gaseous mixture H2 (O.289nm) and SF6 (O.55nm). The zeolite membrane's 

role in permeation of sing le gas and gaseous mixtures of CO2/CH 4 and H2/CO will also be studied. 

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

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

~ Check Valve ~ C>'< Needle Va lve 

~ Mass F low Controller X 
~ Flow Meter + ~ Vacuum Gauge 

~ Pressure Gauge 

© Vacuum Pump 

® Back Pressure Regulator 

r-PGl 
Permeate 
Sampling --®~. _. -X'---

~ 
Retentate 
Sampling 

~ 
X 

M1C 

.J 

' /. 
\ 

Furnace 

Tubular 
Membrane 
Separator 

Vacuum 

Figure 4: Schematic of Vapor Permeation Membrane Test Rig 
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(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 stud ies. 

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 

a fixed interval. 

Temperature 
Indicator 

Feed 
Pump 

Membrane Module 

lY 
'~ .. 

Cold 
Trap 

x ~~ ,.~"~ :~ Pump 

Pressure 
Indicator 

Pressure 
Regulator 

Feed 
Tank 

Stirrer 

Heater 

/'~~ 
Sampling Point 

'" " L-________________________ --------------------------L----/~,~ 

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 zeoli te membrane wil l be evaluate in term of flux and 

selectivity. 

Flux is defined as 

. . .................... ... . .. . ... ( 1) 

Where F, = flux of the component i, mol/(md.s) 

W, = moles of the component i transferred per unit time, molls 

A = membrane area, m2 

i = H2 , CO2 , CH4 , water and organic compounds 

Selectivity is defined as 

a,=[~J 
Xi / Xl 

... (2) 

Where aj = separation factor for component i with respect to component } 

Y, = weight of component i in the permeate 

YJ = weight of component} in the permeate 

x, = weight of component i in the retentate 

x J = weight of component} 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 crysta l 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 condit ions 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 wi ll be established for better understanding of the 

separation process using a mathematical model. The model wil l be simulated and resu lts will be 

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

SAPO-34 zeolite membranes were synthesized before subjected to to gas separation studies of CH4/C02 
and H2/C02 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/C02 binary gas mixture. The SAPO-34 zeolite 
membrane was found to be CO2-selective compared to CH4 . 

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 . 

I. 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/C02 and H2/C02 binary gas mixtures and (b) 
Synthesis and characterization of zeo lite A membrane for studies of recovery of isopropanol from 
isopropanol-water mixture. 

1. SAPO-34 Zeolite Membrane: 

SAPO-34 zeolite membranes have been successfu lly synthesized on 25 mm -diameter a -
alumina supports through two methods: (1) direct in-situ crystallization and (2) microwave (MW) heating. 
The synthesis time for SAPO-34 zeolite membrane was sign ificantly shortened to 2 hours at 200°C 
using MW heating compared to 24 hours at 200 DC required by using conventiona l hydrothermal 
synthesis. The SAPO-34 zeolite membranes were characterized using SEM, EDS, XRD, TEM, SAED, 
TGA, FTIR and N2 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 DC . 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 DC for 2 hours displayed 
comparable peak intensity with SAPO-34 sample formed with direct in-situ crystallization at 200 DC 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 DC for 24 hours. Microwave heating formed orthorhombic SAPO-34 zeolite 
crystals with higher uniformity in crystal sizes « 1 J.I. 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 DC. From the N2 adsorption-desorption 
measurement, it was shown that MW heating at 200 DC for 2 hours formed SAPO-34 zeolite powder 
sample with larger external surface area (31.71 m2/g) compared to those formed by direct in-situ 
crystallization (11.44 m2/g). This is because that the zeolite crystals formed by MW heating were of 
smaller size compared to those formed by direct in-situ crysta llization . 
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In present study, the MW-synthesized SAPO-34 membrane gave better CO2 separation perform 
125.27 % increase in CO2 permeance and 20.17-63.30 % increase in separation selectivity) in the permea 
equimolar CH 4/C0 2 and H2/C0 2 gas mixtures at 30°C and 100 kPa pressure difference, compared to SAF 
membrane which was formed using direct in-situ crysta llization. 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 C02/CH 4 separation selectivities (23-1 03) with CO2 permeance 
6 mol/m2.s.Pa, due to selective separation of CO2 from the CH 4/C0 2 gas mixture. The C02/H 2 separation 
(1 .8-7.9) was lower than CH 4/C0 2 separation selectivity. Owing to much smaller size of H2 (0.29 nm) com! 
(0.34 nm) and CH4 (0.38 nm) , it is harder to separate CO2 from H2/C0 2 gas mixture compared to removal 
CH4/C0 2 gas mixture. However, the CO2 permeance were of 19-39 x 10-6 mOl/m2.sPa for the separation 0 

mixture. 

2. Zeolite A Membrane: 

Zeolite A membranes were successfully synthesized on a -alumina tubu lar 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 revea led that the zeolite 
film thickness for membrane synthesized in unseeded and seeded supports was 70 and 21 JI. 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 stabi lity of the membrane 
studied 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 
cond itions, the membrane performance for the seeded support (selectivities of 4-58 and permeation flux 
of 1.01-16.72 kg/m2 h) was better compared to the one synthesized on unseeded support (selectivities of 
2-34 and permeation flux of 2.66-21.48 kg/m2.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 resu lted 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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c) Equipment used for this research. 
Peralatan yang telah digunakan dalam penyelidikan ini. 

Items 
Perkara 

Specialized 
Equipment 
Peralatan 
khusus 

Facility 
Kemudahan 

Infrastructure 
Infrastruktur 

Approved Equipment 

Online gas chromatograph; 
reaction vessel; Microwave 
vessel set; Homogeneizer 

Glove box 

K. BUDGET I BAJET 

Total Approved Budget 

Total Additional Budget 
Grand Total of Approved Budget 

Total Expenditure 

Balance 

Approved Requested Equipment Location 

Mass flow controller; GC injector Petroleum laboratory. 
School of Chemical 
Engineering. USM 

Magnetic hot plate stirrer Petroleum laboratory. 

: RM 565,500.00 

:RM -

: RM 565,500.00 

Yearly Budget Distributed 
Year 1 : RM 313,500.00 

Year 2 

Year 3 

: RM 123,500.00 

: RM 128,500.00 

Additional Budget Approved 

Year 1 : RM 

Year 2 : RM 

Year 3 : RM 

: RM 564,984.85 

:RM515.15 

School of Chemical 
Engineering. USM 

• Please attach final account statement from Treasury 

Signature of Researcher 
Tandatangan Penyelid ik 

Date 
Tarikh 
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1_ Introduction 

ABSTRACT 

Propyl sulfonic acid-functiona lized sili cali te-1 membrane and arenesulfonic acid-functionalized silicalite-
1 membrane were synthesized over ex-alumina support via one-step in situ hydrothermal crystallization 
and subseq uent post-synthesis modification. Propylsulfonic acid-functionalized si licali te-1 membrane 
was sy nthesized using 3-mercaptopropyltrimethoxysilane (3MP) as an organosilane source whereas for 
arenesu lfonic acid si licalite-1 membrane. phenethyltrimethoxysilane (PEl was used as an organosilane 
source. The acid capacity of the membrane was varied by adjusting the concentration of organosi­
lane from 5 mol% 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 (NHJ-TPD) and Fourier transform infrared spectroscopy (Ff-IR) showed the presence of strong 
Bronsted acid sites in both membranes. The tota l acid capacity increased with increase in organosi­
lane concentration in the synthesis mixture. Both membranes were tes ted for their catalytic activity 
in m-xylene isomeri zation reaction in the temperature range of 355-450 °(, Due to higher acid den­
sity. arenesu lfon ic acid-functionalized sil icalite- 1 membrane gave hi gher catalytic act ivity compared 
to propylsulfonic acid-functionalized sili calite-1 membrane. At 450 ' C. m-xylene conversion of 57% 
with 33% p-xylene yield was ac hi eved using arenesulfonic acid-functionalized si licali te-1 membrane 
with 15 mol% of phenethyltrimethoxysi lane. while m-xylene conversion of 46% with 28% p-xylene 
yie ld was achieved using propylsulfonic acid-functionalized silica lite-1 membrane with 15 mol% of 3-
mercaptopropyltrimethoxysilane. The enhancement in p-xylene yield was due to the simultaneous 
isome ri zation reaction and separation of the reaction products through the catalytic membrane. Both 
catalyt ic membranes exh ibited good structural stability after subjected to isomerization reaction study 
for 120h. 

© 2010 Elsevier B.V. All rights reserved. 

Para-xylene (p-xylene). meta-xylene (m-xyle ne) and ortho­
xylene (a-xyle ne) are the three isomers of xyle n e a nd used as 
industria l solvents or intermediates for many derivatives. Among 
the three isomers, p -xylene has th e la rgest commercial market. 
p-Xylene is the feed for pure terephthalic acid (PTA) production. 
which is genera lly produced in the petrochemical industry fol ­
lowing: (1) separatio n of p-xy lene from its isomers (cryogenic 
crys tallization or se lect ive adsorption process Parex) and (2) co n­
version of a-xylene and m-xylene to p- xyle ne through xylene 
isom erization (XyMax. ExxonMobi l) 11 - 3 J. The curre nt technolo­
gies for p-xylene production are highl y energy intens ive. an d 
therefore, continuous effo rts have been directed to reduce the 
production cost of p - xylene and to improve p-xylene yield a nd 
se lectivity 14-6J. 

Zeolite membranes have been in focus in recent years because 
of their well -defined miCl'opore structure, good thermal and struc­
tura l stability. These membra nes are sui table for the ir application 
in membrane reactors at high temperature 17- lOJ. Most of these 
studi es reported MFI type (ZSM-5 and s ilica lite- l) membranes, due 
to their pore structure near to the sizes of many important organic 
molecules 17.8 J. The application of zeolite membrane as catalytic 
membrane reactors has improved catalytic activity. i.e .. convers ion, 
selectivity and yie ld by select ive remova l of the product from the 
reactor 111 .12 J. The combined sepa rati on and reaction in a single 
unit has a lso provided better fl exibi lity of ope ration a nd enha nce­
ment in th e reaction process I13 J. 

Xy lene isomerization is an acid-catalyzed reaction and the use 
ofH -ZSM-5 as cata lyst in the membrane reactor as well as H-ZSM-5 
cata lytic m embrane has been reported by a number of researchers. 
va n Dyk e t a l. 14 J reported that p-xylene y ie ld of abo ut 10% was 
enhanced in a n extractor- type m embrane reacto r as compare to the 
conventiona l fixed bed reacto r. Haag e t a l.110J also reported 15% 
high e r m-xylene convers ion and 10% more p-xylene se lectivity in 
H-ZSM-5 cata lytic membrane reactor as compared to the conven-

• Corresponding author. Te l. : +60 45996409: fax: +604594 101 3. 
E-mail address:chbhatia@eng.usm.my (5. Bhatia). 

0376-7388/$ - see front malter © 2010 Elsevier B.V. All rights reserved. 
doi: 1 0.1 016/j.memsci.201 0.05.009 
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m-Xylene isomerization kinetics has been studied using acid-functionalized silicalite-I catalytic mem­
brane in the temperature range of 355-450 C. Two types of cata lytic membranes: (I) propylsulfonic 
acid-functionalized silicalite- I membrane and (2) arenesu lfonic acid-functionalized silicalite-I 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 si licalite- I 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 sili calite-1 membranes is affected by the mass transfer rate through 
the membrane. while conversion of m-xylene to a-xylene is controlled by the reaction rate. 

1. Introduction 

Para-xylene (p-xylene) is the feed for pure terephthalic acid 
(PTA) production which has the la rges t commercial market as com­
pared to its isomers. meta-xylene (m-xylene) and ortho-xylene 
(o-xylene). With increas ing demand of p-xylene. selective produc­
tion of p-xylene by m-xylene isom eri zation using zeo lite catalyst 
has ga ined considerable interest over the years and much attention 
has been focused on ZSM -S zeolite as catalyst due to its high activ­
ity and shape se lectivity 11 .2J. Recently. the application of zeo lite 
membrane as cata lytic membrane has been reported by number of 
researchers [3-8 J to improve p-xylene yi eld by se lective removal of 
the product from the reactor. The appli cati on of cata lyti c membrane 
reacto r has proven fl exibility of its operation and imp rovement in 
product selectivity in Knoevenagel condensation reaction between 
benza ldehyde and ethyl acetoacetate [9- 11 J. 

van Dyk et al. [6J reported that p-xylene yield of about 10% 
was enhanced in an extractor-type membrane reactor as compare 
to the conventiona l fi xed bed reactor. An increme nt in p-xylene 
production of 28% was observed by Tarditi et a l. [5 J using 100% 
exchanged Ba-ZSM-5 in the me mbrane reactor. Haag et a l. [7J also 

• Corresponding author. TeL: +60 45996409: fax: +604 5941013 . 
E-ma il address:chbhat ia@eng.usm.my (5. Bhatia). 
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reported 15% higher m-xylene conversion and 10% more p-xyle ne 
se lectivity in H-ZSM-5 catalytic membrane reactor as compared 
to the conven tional packed-bed reactor. Recently. Zhang et al. [8[ 
reported that an increment of26% p-xylene yie ld could be achieved 
in a si licalite-1 membrane reactor packed with H-ZSM-5 catalyst. 
However. H-ZSM-5 in membrane reactors gave moderate to low 
se lectivity of p-xylene [1 2.13 J. 

There is a need to develop a catalytic membrane in order to 
improve p-xylene yi eld . se lectivity and separation rate. Due to 
the higher diffusion rate of p-xylene compared to m-xylene a nd 
o-xyle ne. p-xy lene could be separated though silica lite-1 mem­
brane [14- 16J. However. silica lite-1 is cata lytica lly inactive in its 
pure form (an aluminum-free ana logue of ZSM-5 (Si/Al =00 »). It is 
reported in the literature that se lecti ve and continuous removal of 
p-xy lene from the reaction system could enhance xylene isomer­
iza tion and thus higher se lectiv ity and yield . Therefore. it has drawn 
an interest in the synthesis of silicalite- 1 membrane wi th cata lytic 
acid sites. 

To best of our knowledge. synthesis of acid-functionali zed 
sili ca lit e-1 membrane a nd its performance in m-xylene isomeriza­
tion has not been reported. Ea rlier. we reported the introduction 
of acid sites in silica li te-1. by adding organic-functiona l groups 
into the synthes is mixture and subsequent transfo rmation of 
organic-functional group into acid-functionali zed si li calite-1 [1 7J . 
The cata lyti c activity of these membranes in xylene isomeri zation 
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Separation of p-xylene from ternary xylene 
mixture using silicalite-l 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-l 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 (1 50-250 ·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 f rom 
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- 6 mol m - 2 S- I, pX/oX separation factor of 19 and pX/mX separation factor of 20 were 
obta ined at a temperature of 198·C and pX feed partia l 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%.ln comparison with the conventional approach, DoE provides better flexibility ofthe 
process studies and a useful guideline for the membrane process operation for pX separation. 
@ 2009 Society of Chemica l Industry 
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INTRODUCTION 
Zeolite membranes have been the focus of attention in recent 
years because of their cha racteri st ics (well defined micropore 
structure, good thermal and structural stability), and have found 
new applications in gas, vapor and liquid sepa ration, especially in 
the petrochemical industry.' -s One particular process in which 
zeo lite membranes offer sign ificant advantages over existing 
technology is the sepa ration of close-boil ing point hydrocarbons, 
xylene isomers, wh ich are difficu lt to separate by distillat ion or 
other complex and energy-intensive processes6 - 10 

Separation of pa ra-xylene (pX) from its isomers, meta-xylene 
(mX) and ortho-xylene (oX) is an important operation in the 
petrochem ica l industry, but is difficult due to the close boiling 
points of xylene isomers (pX: 138 " C, mX: 139 °C and oX: 144 · C). 
MFI-type zeo lite membranes (ZSM-5 or Sili ca lite-1) cou ld be 
utilized for energy-efficient xylene separation because their pore 
openings are 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 sepa ration of 
xylene isomers using zeolite membranes. Keizer et 0 /4 obtained 
separation factors of pX/oX < 1 .0 at 25 "C and > 200 at 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 0/. 11 reported on a self-supporti ng 

MFI-type zeo lite membrane for the separation of ternary mixtures 
of xylene isomers. The sepa ration studies were performed at 
temperatures between 30 "C and 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 va lue of 250 at 200 °C. 

Xomeritakis et 0 /. 12 investigated the separat ion of xylene isomer 
vapors with oriented MFI membrane in the temperature range 
22 ' c to 275 °C and xylene feed partia l pressures up to 0.7 - 0.9 kPa. 
They found that the separation performance of these membranes 
is directly related to the synthesis cond itions and membrane 
microstructure. Hedlund eta/U ,14 synthesized ultra th in MFI­
membrane on porous ex-alumina support by a two-step masking 
technique. High pX permeancevalueof3 x 10- 7 mol m- 2 S- l Pa- 1 

was obtained together with pX/oX separation factors varying 
from 3 to 17 in the temperature range 100- 390 °C. Tsapatsis 
and co-workers3.6 reported the best results for vapor permeation 
sepa ration of xylene isomers using MFI-type zeolite membranes. 
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Abstract Propylsulfonic ac id-functionali zed partially 
crystalline silicalite-I materials were synthesized via one 
step co-condensation technique by varying the molar ratio 
of organosilane source, 3-mercaptopropyltrimethoxysilane 
(3MP) to tetraethylorthosilicate (TEOS) in the range of 
0.05-0.30, and subsequent oxidation of thiol group to 
propylsulfonic acid using hydrogen peroxide (H20 2). 
These materials were characterized by X-ray diffraction 
(XRD), high resolution transmission electron microscopy 
(HRTEM), scanning electron microscopy (SEM) and nitro­
gen adsorption-desorption method. The structure of these 
materials was determined by Fourier transform infrared 
spectroscopy (FT-IR) and 29Si and I3C solid state NMR. 
XRD results show that % crystallinity of the materials 
decreased with the increase in 3MP concentration in the 
synthesis mixture. Selected area electron diffraction (SAED) 
showed the presence of crystalline and amorphous phases in 
the samples. An amorphous phase was formed when 3MP 
concentration was 30 mol% of the total silica source. After 
el imination of the structure directing agent (SDA) by calci­
nation at 420°C, thermogravimetric analysis (TGA) shows 
that the structure was thermally stable up to 550°C. 

__ A_ mmonia temperature-programmed desorption (NHTTPD) 
shows that the acid capacity of these materials was in the 
range of 1.19- 1.83 mmol H+ Ig, which shows that these 
materials could be used as potential heterogeneous acid 
catalyst. 
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1 Introduction 

Zeolites are crystalline microporous aluminosilicates 
materials with well-defined pore structure which generated 
considerable interest in their application in the field of 
catalysis, adsorption and separation [I]. The application of 
zeolites as catalysts for industria l processes has been widely 
reported in the literature [2, 3]. From a catalytic point of 
view, the efficiency of zeolites as catalyst is related to their 
crystalline structure, strength and nature of the acid sites 
present. These properties are important to the shape selec­
tivity catalysis for reactions occurring within the micropore 
system [4, 5]. 

A variety of modification methods over ZSM-5 zeolite 
(MFI-type zeolite) such as by varying SiiAI ratio, crystallite 
size and morphology, or modifications of extra-framework 
by cation exchange, pore blockage, isomorphous substitu­
tion , metal substitution and functionalization with organic 
group [3, 6-9], have been reported in order to obtain high 
selectivity of desired products in the catalytic reactions such 
as toluene disproportionation, isomerization and alkylation 
reaction [10]. There are reports to synthesize zeolites with 
smaller crys tal sizes [4,5] which shorten the intracrystalline 
diffusion path for the reactants and products and at the same 
time increase in the surface area provides a large number of 
ex ternal ac tive sites [11 - 14]. 

In the synthesis of ZSM-5 by varying Si/AI ratio, the 
increase in AI increases the ac id capacity of the catalyst, 
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Abstract. Organic-inorganic hybrid nanoporous materials with silicalite-l structure were 
synthesized in one step co-condensation technique and subsequent transformed into solid acid 
materials. The tetraethoxysilane (TEOS) was used as the primary inorganic silica source with the 
phenethyltrimethoxysilane (PE) as an organic modifier. The effect of the PE presence in the initial 
synthesis mixture was studied by varying the molar ratio ofPE to TEOS in the range of 0.05 to 0.20. 
The resulting organic-inorganic hybrid materials were characterized for its crystallinity (X-ray 
diffraction, XRD), surface morphology (scanning electron microscopy, SEM) and elemental 
composition (elemental analysis). The degree of chemical interactions between the organic and 
inorganic phases was determined by Fourier transform infrared spectroscopy (FTIR). The acid 
strength of the organic-inorganic hybrid solid acid materials was also obtained by titration 
technique. 

Introduction 

In the recent year, the increasing demand of nanostructured materials with tailored chemical and 
physical characteristic has resulted in the development of new class of organic- inorganic hybrid 
nanoporous materials [I]. Various organic moieties, including thiol, amine, phenyl, or allyl groups, 
have been successfu lly incorporated into mesoporous structure and subsequently transformed into 
organosulfonic acid group (M41 Sand SBA- 15),following different synthesis methods [2]. The 
combination of inorganic and organic fragments inside the structure of porous materials 
significantly modify the physical and chemical properties of inorganic materials ; resulting into new 
desirable advanced properties [3] . 

The weak hydrothermal stability and inhomogeneous distribution of active sites in the 
mesoporous hybrid materials have limit their practical and potential applications [I]. Nevertheless, 
the modification of microporous zeolites with organic group can be of interest and achieved littl e 
success [4-5]. Combining inorganic and organic moieties to form well-defined hybrid materials is a 
challenging task for microporous zeo lite. In the present study, synthesis of organic-inorganic hybrid 
microporous materials having si licalite- l structure is reported , The effect of the organosilanes at 
various concentrations present in the initial synthesis mixtures on the formation of hybrid 
microporous materials was systematically studied. The organic moieties were subsequently 
transformed into organosulfonic acid solid via sulfonation. The resulting hybrid materials are 
characterized by a number of physical and chemical techniques to provide detailed information 
about the chemical nature of the incorporated organic moieties and their effect on the microstructure 
of the parent silicalite- I. 

Experimental 

Samples preparation. Organic-inorganic hybrid materials having silicalite- I structure were 
synthesized by mixing tetrapropylammonium hydroxide (TPAOH, \ M, Merck), deionized (DJ) 
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Abs tract 

10% and 20% of 3-mercaptopropy lt rimethoxys ilane was introduced into the 
si licali te- I pore-structure by utilising in s itu depos it ion method and 
subseq uently oxid ized to sulphonic acid si licalite- I membrane. The resulting 
organic-inorganic hybrid membrane was characterized for its crysta ll inity and 
orientation (XRD), surface morphology and thickness (SEM) and elements 
present in the membrane (EDAX). Sui phonic acid functionali sed si licalite- I 
me mbrane is a new type of cata lytic shape selective membrane which may be 
useful for combined separation and reaction process. 

Keywords: Sy nthesis, Characterisation, Funetionali sed Sil iealite- I Membrane. 

1. Introduction 

Zeolite membranes or fi lms have been we ll known of their we ll-defined 
micropore structure, good thermal and structural stability, high mechanical 
strength, feas ible for steady-state operation, low energy consumption, res istance 
to re latively extreme chem ical env ironment and great potential for combined 
steps of reaction/separation [1-6]. Zeo lites are crystalline, microporous 
aluminosili cates which find extensive industrial uses as catalysts, adsorbents, ancl 
ion exchangers with high capac ities and se lectiv ities [7-8]. When zeolites are 
grown as fi lms, zeo li te membrane is formed. The characteristics of zeo li te 
membrane have found its new application in gas, vapour ancl liquid separat ion 
especially in petrochemical ind ustry based on the ir propert ies adsorpt ion, 
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Utilizing Phenethyltrimethoxysilane (PE) as an Organosilane Source 

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

School of Chemical Engineering, Engineering Campus, Universiti Sains Malaysia, 

Seri Ampangan, 14300 Nibong Tebal, S.P.S . , Pulau Pinang. Malaysia 

E-mail: chbhatia@eng.usm.my 

Abstract. 

Organic-functionalized silicalite-I materials were synthesized VIa one step co­

condensation hydrothermal crystallization by utilizing tetraethylorthosilicate as an 

inorganic silica source and phenethyltrimethoxysilane as an organosilane source. The 

organic groups were subsequently sulfonated to arenesulfonic acid si licalite- l materials 

under strong acid treatment. The effect of the PE presence in the initial synthesis mixture 

was studied by varying the molar ratio of PE to TEOS in the range of 0.05 to 0.20. The 

resulting acid functionalized silicalite- l materials were characterized for its crystallinity, 

surface morphology, elemental composition, acid capacity, chemical interaction and 

thermal stability. 

Keywords: Synthesis; Characterization; acid -functionalized silicalite- l ; 

phenethyltrimethoxysilane. 
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The process optimization of p-xylene sepa ration from p-/a-xylene binary mixture through silicalite-1 
membrane using sta tistica l design of experiments (DoE) is reported in the present study. The silicalite-1 
membrane was synthesized and characterized using different analytical techniques. The effect of three 
important process va riables, temperature (150- 250 "C), p-xylene feed partia l pressure (0.04- 0.50kPa) 
and p-xylene feed composition (0.20-0.80) on the separation performance of the membrane was studied. 
The response surface methodology (RSM) coup led with central composite design (CCD) was used to 
develop three models to correlate the effect of process variables to three responses: (i) p-xylene flux, (ii) 
o-xylene flux and (iii) p-/a-xylene separation factor. The most influential factor on each of the response 
was identified using the analysis of variance (ANOVA). The interaction between the three variables was 
systematically investigated based on three-dimensiona l response surface plots. The optimum operating 
condition for the process was determined by setting the optimization criteria to maximize the p-xylene 
flux and p-/a-xylene separation factor, and to minimize the a-xylene flux. The optimum p-xylene flu x of 
3.83 x 10- 6 mol/m2 sand p-/o-xylene separation factor of 46 were obtained at a temperature of 198 °C. 
p-xylene feed partial pressure of 0.15 kPa and p-xylene feed compos ition of 0.80. The simulated values 
obtained from the statistica l model were in agreement with the experimental res ults within an average 
error of ± 2.70%. The mass transport of xylene isomers and its separation in the silicalite-1 membrane 
was related with the characteristics of the membrane. 

1. Introduction 

The industrial production and recovery of p-xylene is an im por­
tant operation in a large petrochemical plant. Xylene has three 
isomers namely p-xylene (molecula r s ize - 0.58 nm), a-xyl ene and 
m-xylene (molecular s ize - 0.68 nm), and is used as industrial so l­
vents or intermediates for many de rivatives [1 -5 J. Of the three 
xylene isomers. p-xylene has the largest commercia l market. The 
isomer p-x lene is the feed for the pure terephthalic acid (PTA) pro­
duction, which in turn is used in the production of polyeste r resin 
and fibers. 

Separation of p-xylene from its isomers is an important oper­
ation in petrochemical industry. However, the process is difficu lt 
because their boiling points (p-xylene: 138 '·' C, m-xylene : 139 ·'C 

Abbreviations: ANOVA. analysis of variance: CCD. centra l composite design; DF. 
degrees of freedom: DoE. design of experime nts: F value. measu re menl of distance 
between individua l dist ri butions (fit va lue ): MFI. Mobi l-Five (Zeoli te Soeony Mobil ­
Five. ZSM-5) : Prob. probability; RSM. response surface methodology: SEM. scanning 
electron microscope; XRD. X-ray diffraction. 
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and a-xylene: 144 C) are close. Xylenes isome rs are currently sep­
arated by cryogenic crystalli za tion, or selective adsorption process 
Parex, which is highly ene rgy intensive. Therefore, there is a need 
to develop an efficient and energy saving technology to recover and 
separate p-xy lene from its isomers. 

Zeo lite membranes have been in focus in recent years due to 
their potential application in wide range of industrial processes 
especially in petrochemical industry [6- 10J. Zeolite membrane 
with w ell-defined micropore structure, good thermal and structural 
stability have potential for its application in membrane reactor, cat­
a lytic membrane reactor, sensitive chemical sensor and gas sensor 
[6,8,11 - 15 [. Currently, zeo lite membrane is reported its appli cation 
in corrosion protection and antimicrobial coatings [16 ,1 7 J. 

MFI- type zeolite membranes (ZSM-5 and Silicalite-1) are the 
most common membranes reported by the researchers. MFI type 
membranes have the pore st ructure of straight (b-oriented), circu lar 
pores (0.54 x 0.56 nm) interconnected with sinusoidal (a-oriented), 
e lliptical pores (0.51 x 0.54 nm) and a tortuous path along the c­
di rection [1 J, which are near to the sizes of many industrially 
important organic molecu les. Therefore, these membranes can be 
usee! in the separation of orga nic compounds with kineticdiameters 
close to their pores. Moreover, zeolite membrane might offer signif­
icant advantage compared to existing technology for the separation 
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A seri es of partially CIystalline sili calite-l based materials were synthesized by varying the molar ratio of 
organosilane sou rce. phenethyltrimethoxysilane (PE) to tetraethylorthosilicate (TEaS) in the range of 
0.05-0.50. using one step co-condensation hydrotherm al synthes is method. The phenethyl group was 
subsequently sulfon ated to arenesulfonic acid group following strong acid treatment. The resulting mate­
ri als were characterized by X-ray diffraction (XRD ). scanning electron microscopy (SEM). transmission 
electron mi croscopy (TEM). nitrogen adsorption and desorption and elemental analysis. The structure 
of th ese materials was determined by Fourier transform infrared spectroscopy (FTIR). 29Si and l3( solid 
state NMR. The % crystallinity of the partially crystalline silicalite-l as determined from XRD was in 
the range of 33-73%. The average crystallite size decreased with the increase of PE concentration in 
the synthesis mi xture. The thermogravimetric an alysis shows that the structures were th ermally stable 
up to 550 O( after elimination of th e structure di recting agents (SDAs ) by calcination at 420 0c. The acid 
capaciti es of these materials ranged from 2.52 to 6.63 mmol H' j g. 

1. Introduction 

Zeolites are crystalline microporous aluminos ilicates materia ls 
with w ell-defined micropore s tru cture. good t herm al and struc­
tural stability and resistance to re latively extre m e chemi cal envi­
ronm ent [1.21. The use of zeoli tes as acid catalysts for industria l 
processes, particul arly in petrol eum refining and petrochemica ls, 
has been w idely reported in th e lite rature [3 .4J . The m ost im por­
tant applications are found in the fi eld of cracking, hydrocrack ing, 
isomerization, alkylation and reforming reactions [5.6 J. In the uti­
li zation of zeoli tic catalysts. the reaction activity and prod uct selec­
t ivity depend st rongly on the number. s t rength an d nature of th e 
ac id s ites present. crysta l/particle size an d m orph ology. as- we ll 
as the shape and size of the micropores w hich can induce diffe rent 
shape-selectivity effects on the product di stribut ion [7J. These par­
ticular properties are obtained by va ryin g Si/AI ratio. crysta llite 
s ize and morphol ogy, or modifi cations of extra- fram ework by cat­
ion exchange. pore blockage and e limination of ex tern al s ites. iso­
morphous substitution and functi onali zation with orga nic group 
[4,8- 11 J. 

Among all the zeoli tes. MFI-type (ZSM-5 and sili ca lite- 1) has 
been extensively studi ed for industrial processes because of its 
m edium pore-si ze dimension (0.54 x 0.56 nm ). A sign ifi cant re­
sea rch effort has been devoted to th e syn thes is of MFI zeolite w ith 
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small er crystal s ize due to its advantages [1 2J. In the ea rly 1980s. 
Jacobs et al. [13 J reported the synthes is of parti a l crystalline 
ZSM-5 zeolite w hich contained small crystallites of less than 
8 nm in s ize w it hin an amorphous m atrix. using shorter hydrother­
mal syn thes is times. Nicolaides et al. [3.4 .1 4 J reported th e synthe­
sis of partiall y crysta lline ZSM-5 based material s (NAS materia ls) 
using lower synthesis temperatures, ranging fro m 25 to 140 °C. 
ZSM-5 based m ate ri als w ith XRD crysta llinity level as low as 2% 
exhibited superi or cata lytic performance (higher selecti vities and 
yie lds) in the s kele ta l isomeri zati on of linea r bu tenes to iso-butene, 
du e to the decreased of zeolite pore lengths presented in these low 
crystalline materia ls [4J. These materi als w ith XRD crystallini t ies 
lower than 30%, part ia lly crysta lline sam pl es possessing 30- 70% 
crystallinity and hi ghly crysta lline mate rial s w ith > 70% XRD crys­
tallinity, were tested for th eir catalyti c performance in n-hexane 
cracking activity. They repo rted that th e number of strong 
Bronsted acid s ites and n-hexane cracking activity were found to 
be di sproporti ona tely low for the samples with XRD rela tive 
crystalliniti es <30%, and both become signifi cantly higher only at 
crystallinity levels hi gher than 30% [1 4 [. 

In reviewing the reports on th e improved catalyti c performance 
by using sm all er Clysta l s ize and partially crysta lline ZS M-5, it has 
drawn interes t to synthesize partially crystalline s ilica lite-1 based 
ma te ri a ls. These mate ri als could produ ce sma ll er crystal size and 
extra-framew ork (amorphous s pecies ) with active acid sites. Sili ca­
lite-1 is an aluminum-free analogue or ZSM-5 (Si/AI = x ) w hich is 
ca ta lyti ca lly inacti ve in its pu re form . In defining th e acidity or the 
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ABSTRACT 

Membrane separation process has become one of the emerging technologies that undergo a rapid growth 
for the past few decades. Pervaporation is one of the membrane sepa ration processes that have gained 
increasing interest in the chemical and allied industries. It is an effective and energy-efficient technology 
that carries out sepa rations. which are difficult to achieve by conventiona l separation processes. Inorganic 
membrane such as zeo lite membranes with uniform. molecular-sized pores offer unique type of pervapo­
ration membrane for a number of separation processes. This review presents the role of zeoli te membrane 
and its progress in the pervaporation process. The fundamental aspects of pervaporation over diffe rent 
types of membranes are revi ewed and compared. The focus of this revi ew is on zeolite membrane cov­
ering: (a) synthesis of zeolite membranes; (b) membrane characterization; (c) pervaporation studies ; (d) 
its applications in alcohol dehydration. organic/organic se parations and acid separations. The transport 
mechanism du ring pervaporation is discussed and the issues re lated with pervaporation are addressed. 
Innovati on and future development of zeolite membrane in pervaporation are a lso presented. 

© 2008 Published by Elsevier B.V. 
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In the present study. commercial ceramic membrane from Pervatech BV was used to study the dehydra­
tion of isopropanol-water mixture by pervapo ration. The effects offeed temperature. feed concentration. 
permeate pressure and feed flow rate on the membrane se paration performance were studied by using 
design of experiments (DOE) coupled with res ponse surface methodology (RSM). The ce nter compos ite 
design (CCD) was used to obtain optimum process condition . The resul ts showed that in order to obtain 
optimum permeation flux and selectivity. the temperature. feed concentration of alco hol . permeate pres­
sure and feed flow rate were 75 C. 94 wt%. 1 kPa and 84 dmJ Ih. respectively. Under optimum operating 
condition. the permeation flux and se lectivity was 2.41 kg/m' h and 1131. respectively. The optimum 
permeation flux of 9.16 kg/m' h was obtained at temperature of 90 "C with feed concentration 81 wt% 
alcohol. permeate pressure of 1 kPa and feed flow rate of 100 dmJ Ih. respectively. However. the opti­
mum selectivity of 1415 was observed at the temperature of 69 C. feed concentration 96 wt% alcohol. 
1 kPa permeate pressure and feed flow rate of 41.05 dmJ Ih. respectively. The effect of operation time on 
the performance of the membrane was also investigated by running the pervaporation process for 8 h 
continuously. It was observed that the permeation flux changed with time but th e se lectivity remained 
nearly constant after 8 h of continuous pervaporation. 

1_ Introduction 

During the past few decades. membrane se paration processes 
has become one of the emerging technology w hich underwent a 
rapid growth. It has drawn the attention of researchers in the sep­
aration technology field with its better performance compared to 
the conventiona l separat ion technology. The ma in membrane sep­
aration technologies include microfi ltration. ultrafiltration. reverse 
os mosis and nanofiltration. electrodia lysi s. gas-se paration and per-

--vaporation [1 J. Most of the membrane sepa ration technologies 
are well-developed and es tablished . Among these technologies. 
pe rvaporation is s till a ra pidly developing membrane separa tion 
technology [1 J. Pervaporation is a mild process and hence very 
effective for the separa ti o n of those mixtures which ca nnot survive 
the harsh conditions of distillation. Pervaporation has advantages 
in terms of low energy consumption. No e ntrainer is required 
in the pervaporation process . thus there is no contam ination of 
the origina l mixtures [2 J. It can used for breaking azeotropes. 
separation of close boiling. isomeric or hea t se nsiti ve liquid mi x-
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tures . dehydration of so lvent s and other vo lat il e organics and 
organic/organic sepa rations such as ethanol or methano l removal 
[3 J. 

Recovery of organic compounds from aqueo us solutions in the 
industry is frequently sought but face diffi cul ties in the sepa ra­
tion espec ially when an azeotrope is invo lved. The conventional 
methods such as azeo tropi c di stillation. extractive distillation and 
liquid - liquid extraction exhibit some drawbacks [1 J. Pervapo­
ration and va por permea tion on the other hand offe r a more 
promising and energy-efficient alternatives for azeotropic sep­
aration. Pervaporation is a process that has many similari t ies 
with va por permeation. w hich uses gaseous components on the 
feed side of the membrane. In recent years. a large number of 
resea rches on th e pervaporat io n and vapor permeation applica­
tions such as dehydration of alcoho l [4-7 J are reported. Vapor 
permeat ion is a s imple process as compared to the pervaporation 
with no phase change occurs during th e permeation. However. 
the strong dependence of the separation characteristics on the 
feed pressure. the sensiti vity to friction losses in the feed s tream 
and the poss ibility of cond ensa tion are some of the disadvan­
tages of vapor permeation [8J. Recently pervaporation has ga ined 
increasing inte rest on the part of the chemica l industry with a 
bette r sepa ration capacity and energy efficiency which could lead 
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Separation of carbon dioxide (CO,) from gaseous mixture is an important issue for the remova l of CO, in 
natural gas process ing and power plants. The ordered meso porous silicas (OMS) with uniform pore structure 
and high density of silanol groups, have attracted the interest of researchers for separation of carbon dioxide 
(CO,) using adsorption process. These mesoporous sil ica s after functionalization with amino groups have 
bee n studied for the remova l of CO,. The potential offunctiona lized ordered mesoporous sil ica membrane for 
sepa rat ion of CO, is also recognized. The present paper reviews the synthesis of meso porous si licas and 
important issues related to the deve lopme nt of mesoporous s ilicas. Recent studies on the CO2 separat ion 
usi ng orde red meso porous sil icas (OMS) as adsorbent and membrane are highl ighted. The future 
prospectives of mesoporous si lica membrane for CO, adsorption and separation are also presented and 
discussed. 

© 2009 Elsevier B.V. All rights reserved. 
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1. Introduction 

The e miss ion of carbon d ioxide (C02 ) is one of the serious 
environmenta l problems du e to its sign ifi ca nt ly increased con ce ntra-
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tion in the past five decades and most notably in last 15 years [1] . CO2 

has been identified as greenhouse gas, wh ich contributes to the g loba l 
c limate cha nge and g loba l wa rmi ng, According to the report by 
Intergove rnmental Pan e l o n Climate Change ( IPCC), there has been 
g loba l incre ment of the a tmosph e ric concentration of CO2 by about 
100 ppm (36%) over the last 250 years, from a range of 275-285 ppm 
in the pre- industria l e ra (1000- 1750) to 379 ppm in 2005. The 
hi ghest average growth rate of at mospheric CO2 concentration was 
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Abstract SAPO-34 membranes were prepared by micro­
wave (MW) heating method using a colloidal solution 
containing tetraethylammonium hydroxide as a template. 
SAPO-34 in the form of seed and membranes were inves­
tigated for their properties such as morphology, pore char­
acteristic, crystallinity and thickness, using charac terization 
method of scanning electron microscope (SEM), X-ray 
diffraction (XRD), high resolution transmission electron 
microscopy (HRTEM), FT-IR and nitrogen adsorption­
desorption. SAPO-34 membrane was also prepared using 
conventional hydrothermal heating and studied for it s 
compari son with those formed by MW heating. SAPO-34 
membrane containing homogenous SAPO-34 crystals with 
average size of ~ 0.7 ~m was formed during MW heating. 
Compare to the conventional hydrothermal heating, MW 
heating facilitates formation of SAPO-34 crystals with 
narrower size di stribution due to the highly uniform volu­
metric heating provided by microwave heating. MW heati ng 
was able to produce thinner SAPO-34 membrane (1 -2 ~m) 

where as hydrothermal heating formed thicker SAPO-34 
membrane ( ~ 3.6-5.5 ~m) . The synthesis time for mem­
brane formation was significantly shortened from 24 h for 
conventional hydrothermal heating to 2 h for microwave 
heating at 200 DC. 

Keywords Hydrothermal synthesis· Microwave heat ing· 
SAPO-34 . Membrane 

T. L. Chew· A. L. Ahmad· S. Bhatia ([8]) 
School of Chemical Engineering, Engineering Campus, 
Uni versiti Sains Malaysia, Seri Ampangan, 14300 Nibong Tebal. 
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1 Introduction 

Zeolites is microporous and crystalline zeolite with well 
defined pore structure which has exhibited excellent per­
formance in the field of catalysis, adsorption and separation 
[I]. In recent years, there have been increasing interest on 
the study of SAPO-34 (a sil icoaluminophosphate zeolite) in 
gas separation application due to its small pore size, 
medium ac idic strength and high thermal stability [2, 3]. 
The chabazite framework with pore diameter of 0.38 nm of 
SAPO-34 [4], which is close to the sizes of gas molecules 
such as CH4 and CO2 , has been a promising material for 
CO2 separation [2,4]. 

There are number of studies reported on the SAPO-34 
membrane for gas permeation and separation [2-5]. 
Although high separation factors were obtained in these 
studies but the SAPO-34 membrane exhibited low gas 
permeance. An ideal membrane should perform with high 
gas permeance as well as separation factor, and thus 
require the membrane to be thin enough. Reduction in 
zeolite crystal size, is an important issue in recent years 
because the properties of the material s are greatly influ­
enced by the change in zeolite crystal dimensions [6] . 
Zeoli te crystal dimension plays impact on the thickness and 
morphology of the membrane formed. 

Convention all y, SAPO-34 is synthesized by time­
consuming hydrothermal heating method. There was also 
effort in synthesizing SAPO-34 film using vapor phase 
transport (VPT) method [7]. Microwave (MW) heating 
appears to be an attractive method for the membrane syn­
thesis due to its number of advantages over conventional 
hydrothermal heating. These advantages are shorter syn­
thes is time , production of small zeolite crystals with nar­
row size distribution and high purity, rapid and uniform 
heating [8- 10]. Venna and Carreon [II] reported the 
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H-SAPO-34 membrane was successfully synthesized using microwave heating at 473 K within a period 
of 2 h. The H-SAPO-34 membrane was ion-exchanged with alkaline earth cations. A comparison study 
was conducted to obtain the separation performance of different cation-exchanged membranes. The 
CO, permeances reduced with cation-exchanged membranes in the order ofCa" > Mg" > Sr" > Ba'· . The 
highest increase in CO,ICH. separation selectivity of about 240% was obtained by ion-exchanging the 
H-SAPO-34 membrane with Ba'·. Separation of equimolar of CO, and CH. was conducted at different 
separation temperatures and pressure differences across the Ba-SAPO-34 membrane. The maximum 
CO,ICH. separation selec tivity of 103 with CO, permeance of 37.6 x 10- 8 mol 1m' s Pa was obtained for 
equ imolar feed mixture of CO, and CH. at 303 K and 100 kPa pressure difference across Ba-SAPO-34 
membrane. 

1. Introduction 

Remova l of greenhouse gases. especia lly carbon dioxide (C02) 
from gaseo us mixtures has drawn attention of many researchers 
due to rapid increas ing concentration of CO2 in the atmosphere 
in recent years. Separa tion of C02 from natural gas is one of the 
important processing steps before natural gas ca n be utili 2ed in the 
production of chemica ls or power generation plan ts. Conventiona l 
technologies used for C02 separation from gas mixtures include 
abso rption using amine based solvents and pressure swing adsorp­
tion [1.21. These methods posses number of drawbacks such as high 
energy consumption for so lvent regenera tion. equipment co rrosion 
and flow problems caused by viscosity of so lvent [3.4 ). 

Membrane separation technology has the refore appeared to be 
more energy efficient in te rms of relative low capi tal costs (~ u e 

to absence of req uirement to regenerate the absorbents) com­
pared to conventional sepa ration technologies [1.5.6). The polymer 
me mbranes are instable at high te mpera tures and their sepa­
ration performance co uld decrease in the prese nce of hi gh C02 
pressure due to plastici2ing effect [7.8). Zeoli te membranes are 
the micro porous inorga nic membranes which are ga ining increas­
ing interest among t he resea rche r as an alternative candidate for 
gas sepa rations. in view of their higher thermal . mechanica l and 
chemical stability compared to organic me mbranes [8 ). Its uniform 
and molecu lar-sized pore structure with controlled host-sorbate 
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interactions makes it attractive as shape-selective material for gas 
separation [9.lD). 

There are number of studies of various zeo lite membranes 
reported for gas permeat ion or gas separa tion . such as MFI-type 
[11 - 16] and FAU-type [7.17.18 ]. There is increasing interest for the 
development of small-pore zeo lite membranes for gas separation 
such as A- type [1 9-22 ). DDR [23.24 ). T-type [25.26) and SAPO-34 
membranes [1 .27 ]. These sma ll-pore zeo lite membranes are poten­
ti al candidates forC02/CH4 separation due to their pores size which 
are close to si2e ofCH4 moleCLIl es but are large r than CO2 molecules . 

Extensive studies have been reported using SAPO-34 mem­
brane on gas permeat io n and sepa ration [1 .27-35 ). These SAPO-34 
membranes were synthes ized by hydrothermal synthes is method. 
Hydrothe rmal heat ing has number of limitations such as long 
synthesis time and product ion of zeol ite crystals w ith broad size 
di stribution. Microwave (MW) hea ting is an emerging technology 
offering number of advantages against convent ional hydrother­
mal heating such as shorter synthes is time. rapid heating rate and 
production of small 2eolite crysta ls with narrow size di stribution 
[36- 38 ). To our best knowledge. our g ro up has been the first to 
report synthesis of SAPO-34 zeo lite membrane using MW heating 
[39 ). 

Ion exchange is one of the methods reported to affect the 
gas permeance and separat ion of 2eolite membranes. Hasegawa 
et a l. [40] reported the reduction of C02 penneance after ion­
exchanging NaY-type membrane with so lution of 1(+. Rb+ and CS+. 
The C02/N2 se lectivity for the equimolar mixtures was increased 
from 19 to 39. 40 and 34 afte r ion-exchange with 1(+. Rb+ and 
Cs+ . res pectively 1401. Reduction in gas permeances (N2 and CH4) 
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Conclusion 

The stabi lity of meta l-tann ins complexes is dependent on pH . In the present study, Zn'+ and Cu'+ ions 
began to form complexes at pH 3 - 5 and the maximum formation of Zn-tann ins and Cu-tannins complexes are 
at pH 7 and pH 8, respective ly. 
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Abstract 
Crystal lization of SAPO-34 molecul ar sieve with microwave irradiation heating and conventional hydrothermal 
heating was invest igated in the co llo idal so lution Lls ing tetraethy lammonium hydroxide as a temp late. Different 
hydrothermal cond itions (m icrowave power and synthesis time) were varied in this studies. Microwave 
irrad iat ion heating has significantly shortened the synthesis time for SAPO-34 and reduced the size of SAPO-34 
zeo lite particles synthes ized. SAPO-34 zeo li te particles with average s ize of 600 nm were successfu ll y 
synthesized with microwave irradiation heating at 180 "c. 560W microwave power for 10 hours. Meanwhile, 
synthesis time of 24 hours was requ ired to synthesis S.-'I PO-34 with conventional heat ing at 180 "c and the 
zeolite pal1ic les j()rmed were in average size of 1000 nm. Figure I and 2 show respective ly the XRD patterns 
and SEM images of SA PO-34 synthesized with microwave irradiation heating and convent ional hyd rothermal 
heating. The crysta ll ization yield increased when the synthes is time increased. In addition , the crystal lization 
rate of SAPO-34 increased with the ri se of microwave power However. increas ing the microwave power 
beyond 560W increased no more the crystallization rate. Crystallization with microwave irradiation heat ing 
becomes a prom ising alternative for conventional hydrothermal heating, and yet synthesizing zeolite mo lecu lar 
sieve with better properties (i.e. crystal size). 
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Abstract 
The synthesis of 3-mercaptopropy ltrimethoxys il ane (3M?) functionalized silica lite- I 

membrane via one step insiru hydrothermal crystalli zation on a-alumina support is reported in the 
present study. The effect of the 3-mercaptopropyltrimethoxys ilane concentration in the range of 5 to 20 
mo l% on the formation of the membrane was investigated. The membrane was subsequently oxidized 
to ac id fun ctionalized silicalite- ] membrane and characteri zed by X- ray diffraction (XRD) scanning 
elec tron microscopy (SEM), energy dispersive X- ray (EDX) and nitrogen gas permeat ion. The XRD 
results (Figure]) show that the ac id fun ctionalized si lica lite- I membrane was successfully formed and 
the crystall inity orthe membranes graduall y decreased wi th increasi ng 3M? concentrati on in the 
synthesis mixture. The relati ve crystallinity of the ac id functionalized membranes compared to 
silicalite-I membrane were 85% for 5 mol% 3MP to 75% fo r 10 mol% 3M? and 58% for 15 mol% 
3M? respectively. However, the typical XRD peaks corresponding lor silicalite- I structure were 
absent fo r 20 mol% 3MP ac id fun ctionalized membrane. This ind icated that the membrane crystalline 
struc ture could not be retained once 3M P concentration increased to 20 mol% of the total sil ica source. 
The higher concentration of organos il ane resulted in the disru ption of the crystal structure due to the 
di ffic ulties in incorporat ing o r longer organ ic fi' agment intDthe silica lite- I structure [ I] . 
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'" nletric guided tissue regeneration (CiTR) barrier 

', hr.lnes ha\'ing a porous I<1\'er for permeabilin' 'and 
_',i\'eness to bone and .1 skin laver were prq1dred from 

".111 (CS) and tricalcium phosphate (TCP) lw combining 
'.',ning process and I)'ophilization, The prehe.lting before 
:'1ilization produced a skin la)'er that could increase the 
,",.1I1ical strength of the mcmbr.lnes and also prevent the 

, '1011 of other tissue slich as connective tissue, The subsequent 
' :1ilizatio resulted in a porous la),er for pcrme.lbilin' and 

: ,i\ 'enl'ss to bone, In 'Iddition , the preheating time could 

: "ntrollcd to mmkrate porosity, average pore size. water 
',- ption, and mechanical properties ofthc membrancs, Frol1l 
;'rdiminary in -vitro cell cLllture, the TCPCS mcmbrane 

" ,: ned bv preheating tc)!" 40 min bd()J"c Ivophilization seems 

" J good candidate as a barrier membrane for p\"{)\'iding 
: ,11 migr'ltion of gingi\'al epithelial ccll and maintaining an 

', rcd space for promoting the regeneration of ah'eol'lr bone 

, - ()!j,MD_2 

~ valuation of Catalytic Cracking Reac t ivity 
: f Zeolites Using I -Dodecene as a Model 
:: eedstock -Effect of Hydrogen Transfe r 
~ eactivity 

"hio Tsutsui (Kasgohima University, Japan); Yasuhiro 
, "da (Kagoshima University, Japan); Kazuya Ijichi 
:--: Jgoshima University, Japan); Kei Mizuta (Kagoshima 
, :1i\'crsity, Japan); Yoshimitsu Uemura (UTP, Malaysia) 

' rLin to I,nd a suitable zeolitc for impro\'ing FCC process , in 
" ..- h octanc number and gasoline I'idd are highl v enhanced, 
:1\' types of zeolite were used in c('acking reactioll of 

,:. "iccene . From the producr distribution, zcolites were 
, , , it,ecl- into t hree t ~·pe s in fC C reac tion, With the t\,p e I 

'lires, SUdl as SAPO -Il, thc product pattern was mono'pcak 
, rribution bl' carboll number with high COl1lellt "folct,ns and 

"" small content of aromatics, On Ihe other hand, the rype 
, zeolites such as ZSM,S produccd [wo ' peak di striburion \\'ith 
ch colltcn[ of' aromati cs and iso'paraft,n in gasolinc rallge, 

, t.I and FCC cquilibriul11 otalyst \\'erc c1assit,cd as the n'pe 
zeolires, which showed rhe illtermedial:e nature between 

" c' I and II. FrOIl1 these results, rhe three l\'peS of the zeolire 
, h' ti"ity for FCC could be shown schcmmiolh', Octane 
.. !nber of gasoline fraction \\'as estimated from rl;( produci 
l1lposirion, and it was ~()ulld that the octane: cnh,lllCl'Il1c'lll 

,!S .Htained b\' usc of the rvpc I or Iype II zcolires . bur rhe 
'llulr.lncous increasc of gasolinc vield \\'.l S obLli ll ed b\' the 
f'C I I zeolitcs, ' , 
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Microwave Heating f or Rapid Synthesis of 
SAPO-34 Zeoli tes 

Thiam Lcng Chew (Universiti Sains Malaysia, Malaysia); 
Abdul Latif Ahmad (Universiti Sa ins Malaysia, Ma laysia); 
Subhash Bhatia (Universiti Sains Malaysia, Malaysia) 

Microw.1\'C (,\1 W) hcating \\as introduced t(lI' the cr\'st.lllizJtiol1 
of 5APO,34 zeolites using a colloidal solution cnnt.lining 

tetraetlll'lal1lmoniul1l hvdroxid~ as a template, The dkets of 
MW po\\'er and s\'nthesis time on the t(H'ln.nion of SAPO -

34 zeolites were studied and optimized in I'ie\\' of the zeolite 

properties such JS morphology and crystallinity, MW he.ning 
was comparcd \\'ith thc cOI1\'entiol1al Iwdrothermal sl'l1thesis 
till' rhe t(Jrmatiol1 of SAPO-34 zeolites, MW hearing timned 
SAPO,34 zeolites \\'ilh nal'l"O\\'er size distribution within 

signil,ol1tl\' shortened rimc compared ro hydrothcrm.ll 
Sl'llthesis, full crystallization ofSAPO-34 zeolitcs was .1Chievcd 
in onh' 10h bv microwal'e heating instead of 24h rcquired lw 
cOl1l'entionallwdrothermal synthesis at 180°c' 

PEAOl_CTR I 

Reaction Conditions of Two -Step Batch 
Operation for Biodiesel Fuel Production From 
Used Rapeseed Oils 

Takami Kai (Kagoshima University, Japan) 

For the biodiesci - fuei production by methanol)'sis, the re<1ction 
mixture is composed of a methyl -ester phase and a glycerol 
phase, One of the react,lIltS, triglyceride , is mainly contained in 
the ester phase, The other reaClant, Illethanol, is easily dissolvcd 
in the glvcCI'ol phase, Thel'd(lre, rhe merhanol in the system 

is nor effecril'ciy lIsed tor the reaction duc to intert'lCe mass 
transter resistancc , An excess amount of mcthanol is requircd 

to incrClse the cOlwersion in single , step operation, Since the 
glycerol phase is rcmoved during the operation, a t\\'o ' step 

ba tch operation Cdn effectively intensify thc process , In the 
prescnt stud\', the optimal opnating conditions to increase [he 
conl'ersion arc obt .li ned tCll" the methanol),sis of used 1'<1pcsced 
oil using J KOH catall'st, 

PEA01 _GTR_2 

Gasification of Oil Palm Empty Frui t Bunch 
(EFB) Fibers in Hot Compressed Water for 
Synthesi s Gas Production 

Kelly Yong Tau Len (MICET, Universiti Kuala Lumpur, 
Malaysia); Lim (Universiti Sains Malaysia, Malaysia) ; Lee 
Tcong (Universiti Sains Malaysia, Malaysia) 

The studl' on the hot compressed water (HCW) gasification of 
oil palm empt\' fruit bunch (EFI\) t,bers \\'.lS im'estig.1[ed in a 
batch s~'src.:111 using high -pressure ;1UtOc!,1\'C n:actor. React.ion 
paramcters subjecred ttlr in"cstigatiol1 \\TIT solid loading and 
n,:acriol1 temperature Solid parri(ie SiZl\ amount' of w.lter .1nd 
reaction time \\"ere t, xed .11 2:;0 < X < 500 pm. 300,Og \\,1[er 
and 30 mill respcctin.:ly, The oprimum reaction conditions 

t(llll1d \\"erc 5,Ogsolid 1"'leiiI1!" .1Ilei 380°C \\ 'hich produced gases 
l1uinlv of COl, CO, H , .111(1 CH, \\'irh gasificlIion eftlciCIK\' of 
32,15% and H2 I'icld ot'7,l2" " , The stud\' also ti,cu sed 011 rhe 
role or a homogenou s ('1['11\-,t. KeCO" .Ind irs effect s r"',"-lrd, 
the reaction , The opr im.11 .\(I\l>Unts idcntified \\"Cr': 3 ,0 \\ r." ;. 
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illlnt:tC\:, At 10\1 pH the PAA block co llapses and the inherent, 

planar alignment tendency ofSeB at a watcr intl'rbce prcI'<lils, 
As pH increases , the polydectrolyte block becomeS in creasingl\' 
eh'1I'gcd and ex pa nds, producing a change to homeotropic 
anchoring, SGLCP blocks can tr,l nslate conli.>rIl1ational 

ch'lngcs of ,1 responsil 'e hydrophilic block into rapid, rel'crsi bk 
changes in t he director tield, 

PEA06 _AM 11_2 

Development Pure and La-Doped Sn02 Catalytic 
Pellet by Sol-Gel Method for Ethanol Sensing 

Xian-Ju Tan (Universiti Sa ins Malaysia, Malaysia); Guat 
Wei Lim (Universiti Sa ins Malaysia, Malaysia); Gaik Tin 
Ang (USM, Malaysia); Mohamad Zailani Abu Bakar 
(Universiti Sains Malaysia, Malaysia) 

This articles dcsc ribes thc del'elopment of pure and lanthanulll 
dopcd t in dioxide cHalnic pellets in detecting ethanol \-apour 
prepared by sol-gd method ,lnd pressed into pellct, Sintcring 
trcatment at ;; 00 °C was ca rried out for 4 hOllrs , Structural 
characterization lI'<lS pert(xl1led using X-ray Diffraction (XRD), 

Transmission Elc:ctronic Microscopy (TEM) and BET surl'lCe 
area analyzer. The results of,truLtural analysis showed that 
lanthanuill has been successfully incorporated into the Sn02 
crystal lattice , The catalytic pellets gas sensing performance 
rel'ealed that the sensitivin' of the scnsor is improl'ed by the 
'lddition oflamh3nul11, Th~ lincar dependence of the scnsitil'itl' 
on the ethanol vapour concentration is obs~rl'ed in the range 
of 800 - 3000 ppm, The maximulll sensiti\'itl' is exhibited 
by 10 at.%La-5n02 (,1[all'tie pellet at operating temperature 
of 300 °C. T he response and reCOI'en' time arc increased bl' 
introducti o n of lanth ,lnul1l into tin oxide, Pure 5 n02 catalytic 
pellet g:ivcs the fastest response ,Ind reeol'erl' time which He 
22,8 seconds and 243 ,R seconds respectil'eil' , 

PEAOo_AMD_3 

Acid-Functionalized Silicalite-l Membranes: 
Synthesis, Characterization and Its 
Performance in M-Xylene Isomerization 

and the enhanceillent in p -xl'lcne I'ieki lI 'e re due to continuous 
separation ,,!'the reaction products through the melllbr'lne , 

I'EA06j.M[)_4 

Adsorbents Derived From Mg-AI Hydrotalcite­
Like Compounds for High-Temperature 
Hydrogen Storage 

Ruzanna Ibrahim (Ulliversiti Teknologi Petronas, 
Malaysia); Yc Lwin (Universiti Teknologi PETRONAS, 
Malaysia) 

The coprecipitation method was USed to prepare Mg-AI 
Hl'dror'llcitc -like compounds (HTlcsi_ The precipitated and 
calcined Mg-AI HTlcs were characterized using powder X-ray 
diffraction (XRD) and Fourier tr'lnsl,'lrIll infrared (FTlR) 
spectroSCOpl', The XRD patterns lor the materials indicated 
the presence o f the hl'drotalcite structure, The IR spectrum 
tor calci ned MgoAI HTlcs with Mg/Allllolar r,nio 01'2 shOWed 
reduction in lI'ater and C02 chara(teristics du e to their relllol'al 
during caicin ,ltion, Subsequent to the calcination, thc materials 
were reduced usin g temperature programilled reduction (T PR) 

in order to determine the H2 uptake. The Hl gas consumption 
was t<>llnd to be I'CI'I' sillall and further modifications of the 
nutaial sl'llthesis ,He required to yield better results, 

PEAOo_AMD_5 

Topography and Electrical Characteristics 
of Sil icon Oxide Nanodot Grown by AFM 
Lithography on Silicon Substrate 

Sa bar D, Hutagalung (Universiti Sains Malaysia, 
Malaysia); Teguh Darsono (Universiti Sains Malaysia, 
Malaysia); Zainal Ariffin Ahmad (Univcrsiti Sains 
Malaysia, Malaysia); Kuan Cheong (Universiti Sains 
Malaysia, Malaysia); Samsudi Sakrani (Univcrsiti 
Tcknologi Malaysia, Malaysia) 

The atomic force microscopy (AFM) was used lor patterning and 
characterization of nanoscak si licon oxide dot. The n;lnodot 
was grolU1 on 5i(lOO) substrate I'ia loca l-anodic-ox ida tion , 
lI'htl'e a non -contact conduct ive ArM mode has been 'lpplicd to 

Yin Fong Yeong (Ulliversiti Sains Malaysia, Malaysia); oxidize sili con surtace, CUITent-I'oltage (l-V) characterization 
A hmad Zuhairi Abdullah (Univcrsiti Sains Malaysia, of grown nanodor was performed by COIll,l(t AFM mode using 
Malaysia); Abdul Latif Ahmad (Univcrsiti Sains Malaysia, a go ld -coated AFM tip, hom J-V characteristics obtained the 
Malaysia); Subhash Bhatia (Universiti Sains Mc:a",l",aY"--s:c:i-,,a,-, ~===()scill;1[ion peak ;1l 'lbout 3,S \Lindicates Schottk\' barrier 01,-=- ======= 

Malaysia) 5iO j Si in terl'lCc. Morco\'a, breakdown I'oltage at the Ollt of 
Propylsu lfonic acid functionalized si lica lite -l Illembranes dot position is lower compared to the on dot. 
wcre synt hesized on a-alumina support ua one-
5tq ) insitu hl'tirotherl11al Cl'l'sralliz3tion by utilizing 
3 -mercaptop ropl' ltrilllet<lx )'si lane ;15 an organosilane source, 
T he thiol gmup was subscquently transti.,rl1lcd to ,Kid l:\roup 
and acid C<lp.lc in' oft-he meillbranes W.1$ adjusted lw I'arv ing the 
c()nc~ntration of 3 -ll1erclptopropl'l tri mel()x I'si la ne in thc range 

of 5 11101% to IS 11101 %, The l11embranes wae chdl'acterized 
hI' X-ral' diffracrioll (X RD), scan ning electron llliCrOSCOpI' 
(SEM) °and ammonia teillperature -progranlilled dcsorption 
(l': H3 -TPD), The Illeillbranes were tested fi,r m -",!cne 
isomerization in the temperature range of 35;; C( to 4;;0 0c, 

At 450 °C, Ill -xylene (Onl'el-sion of 46% lI 'ith 28 % p oxl'iL'nc' 
vicki was aehiel'ed , The improl'ement in m -xl'ienL' (Iln\crsion 
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How to Produce Activated Carbon with More 
Homogeniouse Pore Size Distribution? 

Arash Arami-Niya (University of Malaya, Malaysia); Wan 
Mohd Ashri Wan Daud (University of Malaya, Malaysia); 
Farouq S_ Mjalli (University of Malaya, Malaysia) 

Oil p'llm shell W;lS uscd as a raw material Ii)!' the preparation 
of porc size controlled acti\'ated carbon adsorbellls, The 
chemica l treatment \I'as ti>lIOl\'Cd lw further pllVsical aeti\'ation 
lI'ith CO2 , Samples "'l'I'L' trt',Hed lI'ith CO2 !lOll' at RSO °C by 
1';Ir1'ing activation timL' trl ,lchiel'c ditli.:rent burn-off activated 
carbons , Chcll'1icalh' .\ctil',Hed s'lmpics with H 3 PO, sho\\'ed 
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Microwave Irradiation Heating for Synthesis of Thin SAPO·34 
Membrane 

Thiam Leng Chew, Abdul Latif Ahmad, Subhash Bhatia 

School of Chemical Engineering. Engineering Campus. Universiti Sains Malaysia. Seri Ampangan. 14300 Nibong 
Tebal. Pulau Pinang. Malaysia. 

E·mail address: edvinchew_83@yahoo.com 

Abstr act 

Microwave irradiation heating for synthesis of SAPO-34 membrane was investigated in the 
colloidal solution using tetraethylanunonium hydroxide as a template. Different 
hydrothermal condition (synthesis time) were varied in this studies. Microwave irradiation 
heating has significantly shortened the crystallization time for SAPO-34 and reduced the 
size of SAPO-34 zeolite particles synthesized compared to conventional hydrothennal 
synthesis. Hence, thinner SAPO-34 membrane can be formed using microwave irradiation 
heating. Crystallization with microwave irradiation heating becomes a promising alternative 
for conventional hydrothennal heating, and yet synthesizing membrane with better 
properties (i.e. thickness). 

Keywords: Microwave; Membrane; SAPO-34; Hydrothermal Heating. 
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Synthesis and Characterization Acid-Functionalized Silicalite-l 
Membranes 

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

Abstract 

School of Chemical Engineering, Engineering Campus, Universiti Sains Malaysia. Seri 
Ampangan. 14300 Nibong Tebal. Seberang Perai Selatan. Pulau Pinang. Malaysia 

Acid-functionalized silicalite-l membranes were synthesized on a -alumina support via 
one-step insitu hydrothermal crystallization by utilizing an organosilane source. The 
organic-functional group was subsequently transformed to acid group and acid capacity of 
the membranes was adjusted by varying the concentration of organosilane source in the 
range of 5 mol% to 15 mol%. The membranes were characterized by X-ray diffraction 
(XRD) and scanning electron microscopy (SEM). Ammonia temperature-programmed 
desorption (NH3-TPD) and Fourier transform infrared spectroscopy (FT-IR) results show 
that different strength of acid sites were presented in the membranes and the total acid 
capacity increased with increase in organosilane concentration in the synthesis mixture. The 
membranes were tested for m-xylene isomerization in the temperature range of 355 DC to 
450 DC. The improvement in m-xylene conversion and the enhancement in p-xylene yield 
were due to continuous separation of the reaction products through the membrane. The 
catalytic membranes exhibited good structural stability after subjected to isomerization 
reaction study. 

Keywords: Synthesis. Characterization. Acid-junctionalized silicalite-l membrane, m-xylene 
isomerization. p-xylene yield. 
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B-2 
Thin SAPO-34 Zeolite Membrane for Separation of C02/CH4 Mixture 

Gas 

Thiam Leng Chew', Subhash Bhatia',' and Abdul Latif Ahmad' 

aSchool o/Chemical Engineering, Engineering Campus, 
Universiti Sains Malaysia, 

Seri Ampangan, 14300 Nibong Tebal, 
Pulau Pinang 

*: chbhalia(d,'ellg.lIsl1l.l1ll' 

ABSTRACT 

Thin SAPO-34 zeolite membrane was synthesized from a colloidal solution containing 
tetraethylammonium hydroxide, silica source, phosphorus source and aluminium source 
under microwave heating. The synthesis time for SAPO-34 membrane was significantly 
shortened to 2 hours under microwave heating at 200°C compared to 24 hours required 
by conventional hydrothermal synthesis. The SAPO-34 phase, either in the form of 
powder or membrane, was characterized using methods such as scanning electron 
microscope (SEM) and X-ray diffraction (XRD). The thin SAPO-34 membrane formed 
was tested for its single gas permeance of carbon dioxide (C02) and methane (CH4). Gas 
separation of C0 2/CH4 mixture gas was performed on the SAPO-34 membrane over 
different temperature and feed pressure. 

Keywords: Zeolite membrane; SAPO-34; microwave heating; gas separation. 
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attachment, perform analysis on microbial population and 
dominant population by constructing 165 rDNA cone library 
and PCR-DGGE and at the same time analyze components and 
composition with atomic absorption spectrometry and ICP, 
Results: it was found by 165 rDNA cone library study that 
microorganisms of the attachment mainly included 
Thiobacillus (4%), 0 Proteobacteria (35%), y Proteobacteria 
(40%) and Actinomycetes (16%), and microbial resources in 
the attachment were comparatively novel with great 
possibility of belonging to new species, According to PCR­
DGGE analysis, the main dominant bacteria were 
Pseudomonas (45%), sulfate reducing bacteria (38%), 
Actinomycetes (14%) and potential new strains (3%), 

Components and composition analysis performed by atomic 
absorption spectrometry, X-ray Diffraction (XRD),XPS, and ICP 
indicated that the main components were Si>Fe>S>Mg, The 
cause of attachment formation had been preliminarily 
analyzed, Pseudomonas and Actinomycetes provided 
materials for growth of SRB strains on surface of metal 
conductive rod, resulted in local anaerobic environment, 
stimulated reproduction of SRB, aggravated corrosion and 
leaded to that dehydrator can not run, 

Keywords: Attachment, 165 rONA Cone Library;PCR-DGGE; 
Component Analysis 

Applying commercial composts for deca­
bromodiphenyl ether biopdegradation 

Vi-Tang Chang a', Lo Tsui b, Vi-Fen Laio a, Houng-Toung Chen b, 

Shin-Ling Chou a, Cheng-Chen Lin a 

'Department of Microbiology, Soochow University, Shih-lin, Taipei, 
11102, Taiwan (E-mail:ytchang@scu.edu.tw:ls9171147@gmail.com: 
sUin_cho@yahoo,com,tw; a 1261622@yahoo,com,tw) 
bDepartment of Safety Health and Environmental Engineering, Min­
Chi University ofTechnology, Tai-Shan, New Taipei City, 2430 1, 
Taiwan (E-mail: tsui@mail.mcut.edu.tw;bd75511@yahoo.com.tw) 

Abstract 
Deca-bromodiphenyl ether (BOE-209), one of distinguished 
emerging contaminants, as easily is detected on surface water 
in Taiwan, Anaerobic compost provides anaerobic 
microorganism and electron donor to remove refractory 
chemicals, In this study, the reductive debromination at first 
time was applied for biotreatment of 20 mg/kg BDE-209 with 
three selected commercial composts, the mixture of 
sugarcane bagasse/pig manure under different maturity (2 or 
6 months) and the kitchen compost. The results presented as 

- an-effetCtive removal-of BDE-209 in the range of 68-80% in 97 
days. The maximum pseudo first order decreasing rate of BDE-
209 was achieved to 0.0169 day' (r'=0.8935). Some 
contributions might be ascribed to the sorption of BDE-209 
onto the compost contained with high organic carbon 

matters (22.60 mg/kg-33.19 mg/kg). Debrominated 
byproducts in anaerobic composting process were measured 
by HSGC-HSMS, BOH7, BDE-28, BDE-49, BDE-47, BDE-66, 
BDE-100, BDE-153, BOE-154 and BDE-156 in the 2-month­
maturity mixed compost was increased at 42,h days then 
decreased at 97'" days. Accumulated byproducts such as BDE-
47, BOE-66 and BDE-153 were detected in the mixed compost 
of 6-month-maturity and the kitchen sample. A biological 
pathway of BDE-209 debromination therefore was predicted 
in anaerobic composting processes. Moreover, bacterial 
community was illustrated by PCR-DGGE-CLONING. Domain 

2011 Abstracts Book 

Bacteria and Archaea was monitored in this study. DGGE 
bands were similar in the beginning then significantly 
changed in anaerobic composting process, which was 
calculated by cluster analysis and principal component 
analysis on the DGGE profiles. 

Keywords: decabromodiphenyl ether; reductive 
debromination; sorption; HSGC-HSMS; PCR-DGGE-CLONING 

Separation of CO2 from C02/CH. binary gas mixture 
using 8a-SAPO-34 membrane synthesized from 
microwave heating: Process optimization studies 

Thiam Leng Chew 0', Abdul Latif Ahmad a, Subhash Bhatia 0 

'School of Chemical Engineering, Engineering Campus, Universiti 
Sains Malaysia, Seri Ampangan, 14300 Nibong Tebal, Pulau Pinang, 
Malaysia (E-mail: edvinchew_83@yahoo.com;chlatif@eng.usm.my; 
chbhatia@eng.usm.my) 

Abstract 
H-SAPO-34 membrane was synthesized using microwave 
heating at 473 K for 2 hours. Ba-SAPO-34 membrane was 
obtained by ion-exchanging the H-SAPO-34 membrane with 
Ba'+ cation. The separation of CO, from CO,ICH4 binary gas 
mixture was studied using design and analysis of experiments 

(DoE). The response surface methodology (RSM) coupled with 
central composite design (CCD) was used for modeling and 
analysis of the contribution of operating parameters 
(temperature, feed pressure, CO, concentration in the feed) on 
the responses (CO, permeance and CO,/CH, separation 
selectivity) during Ba-SAPO-34 membrane separation process. 
The process parameters were varied in the range of 303-453 K 
of temperature, 200-600 kPa of feed pressure and 5-50 % of 
CO, concentration in the feed, The optimum condition for the 
process parameters was determined by setting the criteria so 
as to maximize the CO, permeance and CO,/CH, separation 
selectivity. The optimum CO, permeance of 26.90 xl 0-7 

mol/m'.s.Pa and CO,ICH, separation selectivity of 276 were 

obtained at temperature of 303 K, feed pressure of 200 kPa 
and 5 % CO, concentration in feed. 

Keywords: Ba-SAPO-34; Membrane; Microwave; Carbon 
dioxide; Gas separation 

Treatment of landfill leachate by Fenton-like 
process and post-treatment evaluation through 
GAC-biofiltration 

Ronnakorn Wongsansuk ab, Chia- Yuan Chang a', Ehart 
Chiemchaisri b, Saravanamuthu Vigneswaran ' 

• Department of Environmental Engineering and Science, Chia Nan 
University of Pharmacy and SCience, Tainan 71710, Taiwan (E-mail: 
rony_ku59@hotmail.com; mcychang@mail.chna.edu.tw) 
b Department of Environmental Engineering, Kasetsart University, 
Bangkaen, Bangkok 10900, Thailand (E-mail: rony_kuS9@hotmail.com; 
fengccc@ku,ac.th) 
'Faculty of Engineering, University of Techno logy, Sydney, City 
Campus, Broadway NSW 2007, Australia (E-mail: 
s.vigneswaran@uts.edu.au) 

Abstract 
In recent year, the municipal solid wastes were eliminated in 
sanitary landfill. Landfill leachate may contain large amount of 
organiC refractory constituents such ammonia and heavy 
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