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ABSTRACT

CHARACTERIZATION OF ZEOLITE MEMBRANES BY GAS
PERMEATION

Soyda, Belma
Ph.D., Department of Chemical Engineering
Supervisor: Assoc. Prof. Dr. Halil Kalipgilar

Co-supervisor: Prof. Dr. Ali Culfaz

June 2009, 188 pages

Zeolite membranes are attractive materials to sép@ayas and liquid mixtures. MFI

is a widely studied zeolite type due to its eas@reparation and comparable pore
size with the molecular size of many substandeghis study MFI type membranes
were synthesized over porousAl,Os supports and characterized with XRD, SEM

and gas permeation measurements.

In the first part of this study the effect of saacentration of the synthesis solution
on the membrane morphology and crystal orientatias investigated. The synthesis
was carried out from solutions with a molar composi of (O-
6.5)Na0:25SiQ:6.9TPABr:1136HO at 150C. At soda concentrations between
0.45 and 1.8 the membrane layers with (hOh)/cetick orientation were obtained.
At lower and higher soda concentrations membragerlformed from randomly
oriented crystals. The (hOh)/c-oriented membranaswed H/n-C4Hi, ideal
selectivities of 478 and 36 at 25°C and 150°C,@eBypely.



In the second part, MFI membranes were synthedsioaa mixtures with different
concentrations of template molecules. Tetrapropgiamum hydroxide,
tetrapropylammonium bromide or mixture of both typeere used as template. The
nucleation period, the size of MFI crystals, membrahickness decreased as the
tetrapropylammonium hydroxide concentration inceelas Besides conversion of
SiO, in the synthesis solution to MFI passed througmaximum with increasing
concentration of tetrapropylammonium hydroxide hie synthesis solution. When
tetrapropylammonium bromide was used as templaigkeh membranes were

obtained.

In the third part MFI type membranes with a thickmef 1.5-2 um were synthesized
by mid-synthesis addition of silica to the synteesnedium. The membranes
synthesized with and without mid-synthesis additdrsilica have n-gH1¢/i-C4H10
ideal selectivities of 47 and 8 at £a0 respectively. The change of composition
during the synthesis increases the crystal growth and the size of the crystals
forming the membrane, thus better quality membrases be obtained by mid-

synthesis addition of silica to the synthesis mediu

In the last part of this study, thin MFI type zé®lmembranes were synthesized in a
recirculating flow system at 95°C on the inner sifi¢he tubulaw-alumina supports.

A membrane synthesized by two consecutive synthstps had a separation
selectivity of 38 and 86 for equimolar mixturesmefC,H;o/CH, andn-C4H; /N> at
25°C, respectively. The membrane selectively perndekteye n-GH1o over small
CH, and N, suggesting that the separation is essentiallpratien-based and the

membrane has few nonselective intercrystalline gore

Keywords: Zeolite, Oriented MFI , MFI membrane, n8esis in a flow system, Gas

Separation
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ZEOLIT MEMBRANLARIN GAZ GECIRGENUK OLCUMLERIYLE
KARAKTERIZASYONLARI

Soyda, Belma
Doktora, Kimya Muhendisgi Bolumu
Dansman: Dog. Dr. Halil Kalipgilar
Es Dansman: Prof. Dr. Ali Culfaz

Haziran 2009, 188 sayfa

Zeolit membranlar gaz ve sivi kamlarini ayirmak i¢cin uygun malzemelerdir. MFI
tipi zeolitler molekll boyutundaki gézenekleri vel&y hazirlanabilmeleri sayesinde
genk Olcude cakilan zeolit turleridir. Bu cajmada gozenekli-Al,O3 destekler
Uzerinde MFI tipi zeolit membranlar sentez edgme X-isinlar kirinim desenleri,

elektron tarama mikroskobu ve gaz gecirgenlik dliginile karakterize edilnstir.

Bu calsmanin birinci béliminde sentez ¢ozeltisindeki sddasiminin membran
morfolojisi ve kristal yonelimi (zerine etkisi inemmistir. Sentez (0-
6.5)Na0:25SiQ:6.9TPABr:1136H0 bilesimindeki sentez cozeltisinden 1%D
sicakhkta yapilmgtir. Soda degimi 0.25 ve 1.5 araghinda oldgunda (hOh)/c-
yonelimli membran tabakasi elde edigiini Daha dguk ve daha yiksek soda

derisimlerinde mebranlar rastgele yonelimli kristallendeolusmustur. (hOh)/c-

Vi



yonelimli membranlar 25°C ve 150°C’de sirasiyladB e 36 H/n-CsHio ideal
seciciligi gostermglerdir.

Ikinci bolumde, farkli desimlerdesablon molekiilleri iceren kasmlardan MFI tipi
membranlar sentez edilgtir. Sablon molekul olarak tetrapropilamonyum hidroksit ,
tetrapropilamonyum bromir veya her iki tarin ksmm kullaniimstir.
Tetrapropilamonyum hidroksit demini arttikca c¢ekirdeklenme siresi, MFI
kristallerinin boyu ve membran kaligli azalmgtir. Bunun yani sira ¢ozeltideki
tetrapropilamonyum hidroksit demminin artmasiyla ¢ozeltideki Sghin MFI'ye
donsUmU bir maksimumdan gecgthir. Sablon olarak tetrapropilamonyum bromur

kullanildiginda daha kalin membranlar elde edshmni

Ucuincti boliimde, sentez esnasinda sentez ortamlika sklenerek 1.5-2 pm
kalinhginda MFI tipi membranlar elde edilgir. Sentez esnasinda silika eklenerek
ve eklenmeden sentez edilen membranlar sirasiylae48 n-GH;¢/i-C4H ideal
seciciligine sahiptirler. Sentez esnasinda sentezitilain degistiriimesi membrani
olusturan kristallerin buyime hizini ve boyunu artirnaakr ve bu nedenle sentez
esnasinda sentez ortamina silika ekleyerek dahd@elkamembranlar elde

edilebilmektedir.

Bu calsmanin son bdliminde, donguli sgksisteminde 95°C’den-Al,O5 tlp
desteklerin i¢ yuzeyinde ince MFI tipi membanlantse edilmgtir. Ardisik iki
sentez sonunda edilen membranlagm@ar n-GH;/CH; and n-CsH;o/N2
karisimlarinin ayriminda 2&’de sirasiyla 38 ve 36 ayirma secjgitie sahiptirler.
Membranlar kiciuk Ckand N molekillerindense buyik nz8;0 molekullerini
secici olarak gecirmektedir bu da membranlarda rpdsgona dayall bir ayirma
oldugunu ve membranlarin ¢ok az sayida kristaller asasici olmayan gozege

sahip oldgunu gostermektedir.

Anahtar Kelimeler: Zeolit, Yonelimli MFI , MFI mennén, Aks Sisteminde Sentez,
Gaz Ayrimi

vii



to my family and

to my never grown up brother, Burak...

viii



ACKNOWLEDGEMENTS

I would like to express profound gratitude to myparvisor Assoc. Prof. Dr.
Halil Kalipcilar and my co-supervisor Prof. Dr. Alulfaz for their invaluable
supports, encouragements, supervisions and usejgestions throughout this
study. Their moral supports and continuous guidar@bled me to complete

my work successfully.

I would like to extend my thanks to Prof. Dr. MUjg&ulfaz and Prof. Dr.
Levent Yilmaz for their valuable comments and dssoons during the

progress of this study.

I would like to thank both the Central Laborataagd the Machine Shop
technicians of the Chemical Engineering Departnientheir help during the

study.

| want to thank my friend and my room mate Canarciyéner for the
friendship we had and her endless patience to rdiess request about figures
in my thesis. | also want to thank my friend and mmgm mate, Hale Ay, for
bringing the silence to our room which has precimogortance for the thesis
writer. | would like to thank to my dear friendeEErglu, | always feel her

support regardless of the distances.

I would also like to show my appreciation to my alad new lab mates Zeynep
Culfaz, Eser Dinger, Ozge Giivenir, §a& Sen, Ozlem Dede, Sezin Akbay,

Berna Arican for bringing fun to our lab.

I would like to show my special thanks to my lo®rgin Tarkan Sozer, for
being my life happy, easy and quiet. In many wagshhs made available his

support.



Finally, | am as ever, especially indebted to myepts Melahat Soydaand
Ahmet Soydafor their love and support throughout my life. lgipcere thanks
go to my sister Sema Soydand my brother Burak Soygé&or being my best

friends at every stage of my life.



TABLE OF CONTENTS

AB ST RA CT e e rn———— Y
(@ )ROSR Y
ACKNOWLEDGEMENTS ...ttt emmmmnieee e e e e enaeeeae e iX
TABLE OF CONTENTS ..o et e e e e e Xi
LIST OF TABLES ..o ettt e e XV
LIST OF FIGURES. ...ttt XVii
INTRODUCTION ....cetiiiiiiiitiiiie ettt s emmms st e e e e e s s eea e e e e sneeas 1
LITERATURE SURVEY ...ttt steee e anneneee s 5
2.1 Description of zeolites and zeolite membranes..............ccccoeeen.... 5
2.2 Synthesis of zeolite membranes ......... oo, 8
2.3 Factors effecting the membrane properties...........ccccevvvvvvvvnnnnnns 10
2.3.1 Effect of support seeding on membrane pr@sert..................... 11
2.3.2 Effects of hydroxyl, soda, template concditns on membrane
PIOPEITIES Lttt eeeeen e e e e e e e e e e e e e e e eeeeeaeeennnnes 12
2.4  Crystal orientation in MFI type zeolite membean....................... 14
2.5  Characterization of the membranes.......ccccccevviiiiiiiiiiiiiiiiiinnnnnn. 17
2.6 Permeation through MFI membranes.......cceeeeooooovveeieiiiiiinnnnns 19
2.7 Gas separation with the MFI membranes...........ccccvvvviiiiinennn. 21
EXPERIMENTAL ...ttt ettt e sttt e e st e e e e 25
3.1 Materials for Synthesis of MFI type zeolite mss and membranes
............................................................................................... 25
3.2 Type of supports used for membrane synthesis....................... 25
3.3 Seeding of the SUPPOIS .......cevvurivriimiiie e e 26
3.3.1 Vacuum seeding teChnique..............oemmmmmeeeeneniinieeeeeeeeeeeesneennnn. 26
3.3.2 Dip-coating teChnique .........c.oooiiiiiiiii s 28
3.3.3 Preparation of MFI crystals for use as seed.............cccceeeeee. 29

Xi



3.4  Synthesis of MFI type zeolite membranes witlifedent soda

concentrations of crystallization solution...cee....ceeeeeiiiininnn..n. 31
3.5  Synthesis of MFI type zeolite membrane and mowuth different
template concentrations of crystallization solutian.................. 34

3.6 Synthesis of membranes with mid-synthesis mofdaf silica to the

SYNLNESIS MEAIUM ...oviiiiiiiiiii e 36
3.7  Separation of binary and ternary gas mixtunedviil type zeolite
membranes synthesized in a flow system........cccccceeeeeeennnn. 39
3.7.1 Membrane synthesis and characterization.............c....c.ccuv... 39
3.7.2 Separation of binary and ternary gas mixtures....................... 41
3.7.3 Operation of gas chromatograph ........eeeecceiiiieniieeeenennnnnnn.. 43
RESULTS AND DISCUSSION ....otiiiiiiiiiiiiiiiiereeiee e siiieee e ssineeeee e 45

4.1 Effect of soda concentration on the morpholofiythe MFI type

zeolite MemMDranes..........ueiiiii 45
4.1.1 Membrane Synthesis on Seeded and Unseededr&up........... 46
4.1.2 Effect of soda concentration on crsytallinity..............c.ccoovvvnnee. 50
4.1.3 Effect of soda concentration on membrane hawaqgy ............... 55

4.1.4 Characterization of membranes with single gssrmeation

MEASUIEMENTS ..uiiiiiii et e et e e e e e e e e 60
4.1.5 Synthesis of MFI films on nonporous glasshwilifferent soda
(ol0] g1 =] a1 i £= 1 (o] o 1S TSP 64

4.2 Synthesis of MFI type zeolite membranes anddeswvith different
template concentrations of crystallization solutian.................. 72

4.2.1 Synthesis of membranes on alumina supporth wifferent
amounts of TPAOH as template..........ccccoovvveeerieieveeiiiiienn, 73

4.2.2 Synthesis of membranes on alumina supportg) UBPAOH and
TPABr as mixed template ..........ooovviiiiiiiiie e 78

4.2.3 Comments on the crystallization of MFI powderm solutions
4.3 Effect of mid synthesis addition of silica tetsynthesis medium on

the properties of MFI type zeolite membranes........................ 93

4.3.1 Selection of the synthesis COMPOSItiIONS . eeeeveeveeverirvennnnnnnn. 95

Xii



4.3.2 Selection of the composition change timesS..............cccceeeeeen.n. 98
4.3.3 Characterization of the membranes........ccccccvvviiiiiiiiiiinnnnnn. 102
4.4  Separation of binary and ternary gas mixturesVik| type zeolite
membranes synthesized in a flow system............c.ccceeeee 115
4.4.1 Membrane preparation and characterization XRD and SEM116
4.4.2 Gas permeation through membranes synthessizbd recirculating

flow and batch system ............ooooveviiiiicemmmme e 119
4.4.3 Separation of ternary gas mixtures with adgqoality membrane
127
CONCLUSIONS ..ottt emmr e e e e e eees 128
RECOMMENDATIONS ....oiiiiiiiiiiiiiiiee e st e e e e enneaee e 131
REFERENCES. ...ttt eetee e et e e e e e e e e e sanes 133
APPENDICES ... .o ettt e et e e et e e e e e eaa e e e eeans 147

A. SAMPLE CALCULATION OF SYNTHESIS RECIPE FROM A BFCH
COMPOSITION
B. SAMPLE CALCULATION FOR MAXIMUM YIELD AND PERCENT

CONVERSION ...ttt 155
C. PREPARATION OF HOME MADE A3 DISKS......coovviiiiiiiiiiiiiain 158
D. SAMPLE CALCULATION FOR SINGLE GAS PERMEANCE AND

IDEAL SELECTIVITY oiiiiiiii e 160
E. CALIBRATION OF MASS FLOW CONTROLLERS .......ccccevviiinneee 162
F. CALIBRATION OF GAS CHROMOTOGRAPH .........eiiiiinn, 164

G. SAMPLE CALCULATION FOR THE DETERMINATION OF GAS
COMPOSITIONS IN GAS MIXTURES

22 SAMPLE CALCULATION FOR THE DETERMINATION OF
PERMEANCES AND SEPARATION SELECTIVITIES OF BINARY
GAS MIXTURES . ... 169

. SAMPLE CALCULATION FOR THE DETERMINATION OF
PERMEANCES AND SEPARATION SELECTIVITIES OF TERNARY

GAS MIXTURES . ..o 173
J. CALCULATION OF AMOUNT OF SILICA ADDED DURING
CRYSTALLIZATION ..ot 176

Xiii



K. LIST OF SYNTHESIZED MEMBRANES ..........cooiimmmiiieee, 178
L. LIST OF MEMBRANES SYNTHESIZED WITH COMPOSITION
CHANGES ... 182
CURRICULUM VITAE ... 183

Xiv



LIST OF TABLES

TABLES

Table 2.1 Studies for the separation of multicongmngas mixtures in the
10T = L0 =P PPT 23

Table 3.1 The operation conditions of X-ray dift@oeter...............ccccccceeen. 32

Table 3.2 Operating conditions Of GC.........ceccciieeiieeeeeeeieeeee e 43

Table 4.1 Single gas permeances through the (hOh¥anted membrane M(1)

Table 4.2 Synthesis conditions for the powders methbranes with different
batch compositions (T: TPA; S:SION: NaO; H: H,0) The silica
SOUICE IS LUDOX AS-30.....uuiiiiiiiiiiiiiiiiiimmmme e 72
Table 4.3 Single gas permeances through the mersraynthesized with
different amounts of TPAOH in the batch
(80SiO:xTPAOH:1500H0 at 95°C for 72h ) ..cooeeeeeeiiiiieieies 8.7
Table 4.4 Single gas permeances through the mersraynthesized with
different synthesis solutions containing TPABr oPAOH as
template source; 16(TPAOH-TPABI):80SI00N&0:2500H0 at
1500C fOF 24 N e 83
Table 4.5 Crystallization results and particle sg@owder and crystals on the
membrane with different synthesis conditions (TATE:SiO,; N:
N&O; H: HO). Crystallization temperatures and sources of
reactants are shown in table 4.2. .......... oo 93
Table 4.6 Synthesis solution compositions usetientérnary diagram........... 96
Table 4.7 Estimated liquid phase compositions @& $lynthesis solution at
different synthesis times at 95°C and atmospheéssure.......... 100
Table 4.8 Liquid phase compositions of the synthesilution used in the
ternary diagram (T: TPA; S:S¥OH: HyO) ..o, 102

XV



Table 4.9 Synthesis conditions and properties efnlembranes prepared with
composition change during the synthesis, synthesisperature:

Table 4.10 Synthesis conditions and propertieb®itembranes prepared with
composition change during the synthesis ....ccccceee oo 108
Table 4.11 Single gas permeances through the meedbrsynthesized with
constant composition 80SiG0TPAOH:1500HO (BS115),
80SIQ:9TPAOH:1500HO (BS119) at 72 h and mid-synthesis
addition of silica at 24 h (BS121) and 124 h (BS1&®5°C..... 113
Table 4.12 Gas permeances and separation selestiaf the membranes
synthesized with mid synthesis addition of silica%50/%50 n-
C4H1o/CHzand n-GH1o/Nz binary mixtures ..........ooovvvvvvvvvvnnnnnnnnn. 114
Table 4.13 Synthesis method, number of synthesgssind B permeances115
Table 4.14 The permeances and 4, CH, permeate compositions for the

ternary gas mixture separation at 1.9 bar feedspres(Mixture

composition: Ck: 70%; CQ: 20%; Nn-GH1010%) ......ccceeeeeeeeee. 127
Table A.1 Molecular weights of reactants..............ccooii i vimnnenee. 148
Table A.2 Amount of reagents for 100 g batch pragan..................... 150

Table A.3 Amount of reagents calculated for 100atchs for all compositions
used inthisstudy............coooiii i e 151
Table D1.Single gas permeation experiment data for memb&®#25 at
Table H.1 Feed, retentate and permeate compositionbinary mixture
separation with BS170 membrane............ccccoeves civviveniennnn. 171
Table 1.1 Feed, retentate and permeate compositiongernary mixture
separation with BS170 membrane............ccocovviiiii i viniennnn. 174
Table K1. List of synthesized membranes at diffesgnthesis conditions...179
Table L1. Synthesis conditions and properties efrttembranes prepared with
composition change during the synthesis, synthesisperature:

XVi



LIST OF FIGURES

FIGURES

Figure 2.1 Pore structure in a MFI crystal withtigpical coffin shape............ 6

Figure 2.2 The representative XRD patterns and msatie drawings of
different crystal orientations in MFI type zeoliteembranes. ....... 15

Figure 2.3 Randomly (a) and c-oriented (b) membstngtures [this study] 17

Figure 2.4 Comparison of pore size of MFI type iesl with the kinetic

diameters of different gases ..........ceevieeemmeeiiiiiii e 18
Figure 3.1 Vacuum seeding apparatusS........ccccceeeeeeeeeeeeeeeeeeeeeeeieienniineeens 27
Figure 3.2. The schematic drawing of the dipcoasep ..................oovvvenen. 28

Figure 3.3 The surface SEM images of the unseedesunerciala-Al,O; disc
supports (a), seeded with 350 nm seed crystals ipycahting
technique (b), seeded with 350 nm seed crystalsabyum seeding
technique (c) and seeded with 1 um seed crystalyamyum
seeding techNIqQUE (d) .....eeeooinieeee s 31

Figure 3.4 Schematic drawing of the single gas patmn setup................... 33

Figure 3.5 Schematic drawing of the system workingler atmospheric
PIESSUIE ...t et ettt et emmemme e e e et e e e et e e e e e e e e e e enaas 34

Figure 3.6 The schematic drawing of the system wkgthg the synthesis of

Figure 3.7 The schematic drawing of the recircaatilow system used for
membrane SYNthesiS...........coooiviviiiieieeeeeeee e 40

Figure 4.1 XRD patterns of powder MFI, unseeded brame M(1u) and
seeded membrane (M1), the asterisks shows-theO; peaks.... 46

Figure 4.2 a) Pore structure of MFI crystals bpisentation ot-oriented
and (hOh) oriented Crystals................. e e eeeeeeeeeeeeiiiiin 48

XVil



Figure 4.3 Surface and cross section SEM imageseafbranes synthesized on
unseeded M(1u) (a,c) and seeded M(1) (lmehl,Os; supports
(1.0Ng&0:25SiQ:6.9TPABr:1136HO T= 150°C t=24h), the
arrow shows the zeolite [ayer...............oummmmeeeveenniiiiiieeeeeeeeeeeenn, 49

Figure 4.4 XRD patterns of the powders syntheswl different amounts of
soda in the batch. x=0.5(a); 1.0 (b); 1.5 (c); @ 2.5 (e); 3.0 (f);
5.0 (g); 6.5 (h) (x NgD:25SiQ:6.9TPABr:1136HO  T= 150°C

Figure 4.5 Percent conversion of the powder syibdswith different soda
content in the batch (x N@:25SiQ:6.9TPABr:1136HO T=
150°C = 24N) it 52

Figure 4.6 XRD patterns of the membranes synthdsidth different amounts
of soda in the batch. x=0.5(a); 1.0 (b); 1.5 (ch &); 2.5 (e); 3.0
(f); 5.0 (g); 6.5 (h) (x NgD:25SiQ:6.9TPABr:1136HO T= 150°C

Figure 4.7 The intensity fraction and fractional igid change of the
membranes with the soda content of the synthekis@o........... 55

Figure 4.8 Surface SEM images of membranes syatesin seeded-Al,0O3
supports x=0.25 (a); 0.4 (b); 0.5 (c); 0.65 (dP (e); 1.25 (f); 2.0
(9); 3.0 (h) (x NaO:25SiQ:6.9TPABr:1136HO T=150°C t=24h

Figure 4.9 Cross section SEM images of membranethesized on seeded
Al,O3 supports x=0.25(a); 0.5 (b); 0.65 (c); 0.85 (dp (e); 1.25
(f); 2.0 (9); 6.5 (h) (xNg0:25SiQ:6.9TPABr:1136HO T= 150°C
t =24h). The arrow shows zeolite layer.....eeeeeeeeeeeeennnnnnn.. 58

Figure 4.10 Degree of preferred orientation oftiembranes synthesized with
different soda CONENL...........vuuuuiiiieee s 59

Figure 4.11 Permeances of single gases throughted€M1) and non-oriented
M(6.5) membranesO( ¢: Hy; 0, m: No; A, A: COy; o, @: n-CyHyy;
empty symbols for oriented and filled symbols faynroriented
MEMDIANES) ... ittt ettt e e e e e e e e e eees 61

XVili



Figure 4.12 Permeances of single gases througlonented (M6.5) membrane
(0, ¢: Hy; 0, m: No; A, A: CO;; 0, @: N-CyH10)evvvviviiiieeeeeeeeeee 63

Figure 4.13 XRD patterns of the powder (a); gldgs &dlumina (c) surfaces.
(Seeded surface, 1.0 Mx25SiQ:6.9TPABr:1136HO T= 150°C

Figure 4.14 XRD patterns of the MFI layers on glsgdaces synthesized with
different amounts of soda in the batch. x=6.53);(b); 1.0 (c) (x
Na0:25SiQ:6.9TPABr:1136HO  T=150°C t=24h)..... 67

Figure 4.15 Photographs of zeolite films synthesizewith
1.0N&0:25SiQ:6.9TPABr:1136HO molar batch on unseeded (a)
and seeded (b) glass surfaces.............coeecemeveeevevvvnenininneenn. 68

Figure 4.16 Surface SEM images of the zeolite filsythesized with
1.0N&0:25SiQ:6.9TPABr:1136HO molar batch on unseeded (a)
and seeded (b) glass surfaces............oceemmmmmeeviiieeeeeeeiieeenn, 69

Figure 4.17 Photographs of zeolite films synthebizéh x=1.0 (a); 3.0 (b); 6.5
(c) moles of soda on seeded glass SUrfaces. .. .ceeeeeeeeeen.. 69

Figure 4.18 Surface SEM images of the films syn#seswith (a, b) x=1.0, (c,
d) x=3.0, (e, f) x=6.5 moles of soda on seededsggasfaces..... 70

Figure 4.19 Cross section SEM images of the filgmhesized with (a) x=1.0,
(b) x=3.0, (c) x=6.5 moles of soda on seeded glagscces....... 71

Figure 4.20 XRD patterns of the powders remainechfmembranes (a) and
membranes (b) synthesized with different amount$RAOH in
the batch (80Si@xTPAOH:1500HO T=95°C t=72h)........ 74

Figure 4.21 The intensity fraction and fractionakight change of the
membranes synthesized with different amounts of @RAN the
batch (80SiI@xTPAOH:1500H0O T=95°C t=72h).............. 75

Figure 4.22 Surface (a, c, e, g) and cross sec¢boul, f, h) SEM images of
membranes synthesized with different amounts of @RAN the
batch x=5 (a, b); x=9 (c, d); x=16 (e, f); x=30 (&)
80SIO:XTPAOH:1500H0O T=95°C ...ccciiiiiiiiiiiiieeeeeeiie, 1.1

XiX



Figure 4.23 XRD patterns of the powders and mendsaynthesized with
different synthesis solutions containing a mixtofeTPABr and
TPAOH. <. e 79
Figure 4.24 XRD patterns of the powders and mendsasynthesized with
different synthesis solutions containing a mixtofeTPABr and
TPAOH. .o 80
Figure 4.25 SEM images of the surface (a, ¢, e)aanss section (b, d, f) of the
membrane synthesized with different synthesis &olat
containing TPABr or TPAOH as template source; TPA@HD),
TPAOH+TPABr (c, d), TPABr (e, f) 22(TPAOH-
TPABI):80SiQ:21Ng0:3600H0 at 150°C for 24 h. ................ 81
Figure 4.26 SEM images of the surface (a, ¢, e)aanss section (b, d, f) of the
membrane synthesized with different synthesis &wolat
containing TPABr or TPAOH as template source; TPA@HD),
TPAOH+TPABTr (c, d), TPABr (e, f). The synthesissvearried
out at 150°C for 24 h and the mixture compositel6{TPAOH-
TPABTI):80SiQ:10N&0:2500H0. ....cuuiiiiiiiiiiiiieeeeeeee e 82
Figure 4.27 Scattering data on conversion of silichatch to MFI and relative
crystallinity for all MFI powders with all molar beh
compositions reported in this WOrk..........ccceeeeeeiiiiiiiiieiiiinnnnns 86
Figure 4.28 Conversion of silica in batch to MFt the powders with different
batch compositions at atmospheric pressure and 9&5C
SeoT30H1500 () SeoT16H1500 (A) SeoToH1s00 (0) SeoTsHisoo (T
TPA; S:SiQ; H: H20) oo 88
Figure 4.29 Conversion of silica in batch to MFI agunction of template
TPAOH amount: 4) Set 1 data, this work, 95°Cg;)( Data of
Culfaz et al. [29], 80°C;d) Data of Yang et al. [24], 95 °Cu)
Data of Li et al. [89], 100°C.........cccoiiiiieeeeeeeeer e 90
Figure 4.30 Particle size distribution of powdemtsesized with different
amounts of TPAOH in the batch (80SIOTPAOH:1500HO T=
O5°C 1= 72N )i 91

XX



Figure 4.31 Crystal sizes of the powder and mendzasynthesized with
different amounts of TPAOH in the batch
(80SiIQ:XTPAOH:1500H0 T=95°C t=72h) cccceveeeeiiirieennn. 91

Figure 4.32 Synthesis solution compositions useathgr researchers in the
HEEIALUIE ... e eeeeaaaeees 96

Figure 4.33 (a) Conversion and (b) crystallizatidrsilica in batch to silicalite
for the powders synthesized with constant compmsitiof
80Si0Q:30TPAOH:1500HO at atmospheric pressure and 95°C;
(c) the particle size in synthesis mixture with tmeolar
composition 80SI30TPAOH:1500HO (@) and
80SIO:9TPAOH:1500HO (A)..evvveieeiiiiiiiiieee e Q9

Figure 4.34 Solution compositions during the cowfserystallization with mid
synthesis addition of silica at different synthdsiges............. 101

Figure 4.35 XRD patterns of the membranes befoemgimg the composition
(a), after 48 h of crystallization following thermaposition change
(b), and after 72 h of crystallization without coosfiion change
(c). The patterns of membranes BS-121 (a), BS-b2aiid BS-
KIS (S T TN 104

Figure 4.36 Intensity and weight fractions of meamas prepared with and
without mid-synthesis addition of silica. .......cc....cccovvvvveennnns 105

Figure 4.37 Particle size distributions of the peved remained from
membranes synthesized with constant composition and
synthesis addition of silica at different synthdsiges............. 106

Figure 4.38 The particle size in synthesis mixtwidh the molar composition
80Si0Q:30TPAOH:1500H0O (e), 80SiQ:9TPAOH:1500HO (m)
and with composition change during synthegdks) @s a function
Of SYNtNESIS tIME ..o 107

Figure 4.39 Surface (a, ¢, e) and cross sectiord,(f) SEM images of the
membranes before silica addition (a, b) 24 h, Ye&lh, (e, f) 72 h
............................................................................................... g0

Figure 4.40 Surface (a, ¢) and cross section (bSEM images of the
membranes after silica addition (a, b) 24+48 hg)el8+24 h. 110

XXi



Figure 4.41 Surface (a, c, e) and cross sectiord,(lf) SEM images of the
membranes after silica addition (a, b) 24+72 hdjce}8+72 h, (e,
E) T2HT 2 111
Figure 4.42. XRD patterns of the surfaces of memés F3 and B2, and of the
residual powder obtained from membrane synthesithenflow
system, arrows show the MFI peaks..........coummmeeeeeeeeeenn. 117
Figure 4.43 The cross-section and surface SEMagiephs of membranes F3
(a) surface, (b) cross section from glazed pa)tci@ss section on
porous alumina and B2 (d) surface, (e) cross sedtmm glazed
part, (f) cross section on porous alumina. MemlsaB2 and F3
were synthesized with two synthesis steps in batoid
recirculating flow systems, respectively. .....ccccccvvvviviieennn. 118
Figure 4.44 Single gas permeances at 200°C ascidarof kinetic diameter
............................................................................................... aL2
Figure 4.45 n-GH;o permeances as pure component and in 50%-50% mixtur
and n-GHy /i-C4Hyo separation selectivities as a function of
temperature for F2 membrane. Solid lines: Singkemameances,
Dashed lines: Mixture permeances. ........... e eeeeeeeeeennnnnn. 121
Figure 4.46 N, CO,, CH; and n-GHjo permeances through membrane F2 as
single gas and in 50%-50% binary mixtures as a tiomcof
temperature . Ny; o: CO, ; ¢. CHy; A: n-CHyo). Solid lines
show single gas permeances,and dashed lines shew th
permeances in the MIXtUresS.............oovvieeeememeeeeeee e e 123
Figure 4.47 ldeal selectivities and separation $0f0-50% mixture as a
function of temperature for F2 membrane (a) 4ttg over CH;,
CO, and N and (b) i-GH;o over CH and N. Solid lines:
Separation selectivities, Dashed lines: Ideal seiées.......... 125
Figure 4.48 Effect of n-(H;o concentration in the feed on the pHzy/CH,
separation selectivities and;H;o permeance as a function of
TEMPEIALUIE ..o 126
Figure B1. XRD pattern of BSt105 powder sample......... ccaue.......... 157

XXil



Figure C.1. Pore size distribution of alumina dgith surface area (a) and

pore volume (D).......cccvvviiiiiiii e 160,
Figure E.1 Calibration of the mass flow controfi@rn-CyHig................ 163
Figure E.2 Calibration of the mass flow controfi@ri-C4Hio............... 164
Figure E.3 Calibration of the mass flow controfi@r CH,.....................164
Figure F.1 Gas chromotograph calibration far.N.................ccccoeen e 165
Figure F.2 Gas chromotograph calibration for,CH........................... 166
Figure F.3 Gas chromotograph calibration for,CO................c.cc.e... 167
Figure F.4 Gas chromotograph calibration forgi¢........................... 168
Figure F.5 Gas chromotograph calibration fouHG................ccceeei . 168

Figure G.1 Sample GC output for permate and retergaseam (This output
belongs to membrane BS170).........ccccovviiiiiiiiin e ann, 169

XXili



CHAPTER 1

INTRODUCTION

Membrane processes are attractive processes taasepgas and liquid
mixtures [1, 2]. For an efficient process, membsangth low cost and high
performance are needed. Much attention has rgceedn focused on zeolites
since they are recognized as attractive membraneeriada with their

microporous crystalline structures.

Zeolite membranes are thin films of zeolite crysi@déposited on a porous and
mechanically stable support. Zeolite film, which nauch thinner than the
support, performs separation, whereas the suppwmvides mechanical
strength and has little effect on the separatieB][Separation performance of

a membrane basically depends on the selectioreafetlite type [6].

MFI type zeolites consist of straight and zig-zagegs with a pore opening of
nearly 0.55 nm [7, 8], which are comparable with kinetic diameter of many
small molecules like py CO,, Sk and light hydrocarbons. Besides MFI type
zeolites are hydrophobic and organophilic materialBherefore MFI type
zeolites are appropriate materials to make membrémethe separation of

gaseous and liquid mixtures of commercially impatrtsubstances [3, 7, 9-11].

MFI type membranes are typically obtained by hyldeomal synthesis from
hydrogels [12, 13] or clear solution [4, 14] at p@ratures between 150 and
200°C in autoclaves [15-19]. In the synthesis frogdrogels, amorphous
phase formed at the beginning of the synthesisnyerted to zeolite [20, 21].
The final product may also contain small amountarokacted amorphous gel.

On the other hand, no amorphous phase exists dimingynthesis from clear



solutions so the solid product is expected to bg orystalline zeolite and free
from amorphous patrticles. In addition crystalstegsized from clear solutions
are much smaller and have narrower crystal sizeildlision than those from
hydrogels [22-24]. Thus thinner membranes withdsejuality are obtained by

using clear synthesis solutions.

MFI membranes are synthesized on disks or smadstub laboratory scale.
However, membranes with large surface area in d swlame are desired for
industrial applications. Long tubes with smallidesdiameters or honeycomb
monoliths are preferable support geometries to mdké membranes for
industrial use. Nevertheless, as the autoclave g&ts larger, homogeneous
synthesis conditions in terms of concentration t@maperature gradients can be
barely obtained through the support during the s®uwf crystallization in
autoclaves [25-27]

Alternative to batch synthesis several attemptsehaeen performed to
synthesize zeolite membranes in semi-continuou$, [@htinuous [27] and
recirculating flow systems [29]. In a recirculatifigw system much more
uniform synthesis conditions can be provided artlirsg of the crystals from
the bulk can be prevented due to the flow of sysithaolution along the
support. Therefore large size membranes with figility can be obtained by

synthesis in recirculating flow systems.

A good quality membrane should have some charatitarithat depend on
only the intrinsic properties of the zeolite typre defect free and have high
permeability and selectivity simultaneously. Altigbu the defects in the

membrane layer increases the permeability, theynisim the selectivity. The

membrane quality is affected from the compositibsymthesis mixture, types
of raw materials and support, support geometryjisge synthesis temperature
and synthesis method [30, 31]. In this study Mfple membranes were also
synthesized and characterized. The main aim wasvestigate the effects of



composition of synthesis solution and method on brame morphology and
gas separation performance. For this purposestbdy was divided into four

main parts.

In the first part the effect of soda concentrationthe membrane morphology
and crystal orientation was investigated. Membramwese synthesized over
porousa-Al,O3; supports from synthesis solutions with a molar gosition of

(0-6.5)Na0:25SiQ:6.9TPABr:1136H0O at 156C. The soda content in the
batch composition was changed in a wide range legtwWeand 6.5 with small

intervals.

In the second part our objective was to investiglhgeeffects of template and
hydroxyl ion concentrations on the crystallizati@ate and crystal size of the
MFI powders and membranes. Both powder and membsgnthesis were
done from a series of initially clear solutions Hwit different

tetrapropylammonium hydroxide or bromide concerdrat in batch and
recirculating flow systems. Using clear solutiomsl ancreasing the template
and hydroxyl ion concentrations were expected twige smaller crystals and

consequently a thinner layer.

In the third part, the composition of the synthesidution was changed by
adding silica to the synthesis solution during toeirse of crystallization so
that the SIQTPAOH ratio of the solution was increased. Thgstal growth
rate was aimed to be controlled by mid-synthesiditaa of silica. The
membranes were also synthesized in a recirculdling system operating at
atmospheric pressure. This system, as opposedetatitoclave, allows the
addition of chemicals to the synthesis medium withanterrupting the

crystallization.



In the last part of the study the main purpose twaeparate binary and ternary
gas mixtures. Tubular membranes were synthesized tacirculating flow
system and used in the separation of equimolamypiméaxtures of n-GH,d/i-
C4H1o, Nn-CH1o/CHy4, N-GH1/CO,, N-GH1o/N2 and ternary mixture of CO
CH, and n-GHjpbetween 25 and 200°C.



CHAPTER 2

LITERATURE SURVEY

2.1 Description of zeolites and zeolite membranes

Zeolites are crystalline, hydrated aluminosilicatésalkali or alkaline earth
metal cations [32]. Their three dimensional netwgoake constructed of SJO
and AlQ, tetrahedra linked through oxygen atoms [33]. Zeslitact as
molecular sieves due to their micropores whose d#ioas are of the same

order of magnitude as molecular diameters.

MFI type zeolites are hydrophobic zeolites with idABratio of 2-o [32].
Silicalite-1 is the aluminum-free member and ZSMs the aluminum
containing member of the MFI group. They contairo ttypes of channels
(Figure 2.1); the straight channels with an apertafr0.53x0.56 nm are linked
to each other by zig-zag channels with an apedfife51x0.55 nm [7, 8].

Membrane is a semipermeable barrier between twagsh#hrough which

fluids are selectively permeated based on theptsnr and diffusion properties
[34]. Membrane performance depends on the progediethe membrane
materials. Zeolites are broadly used to prepare Ion@nes for the separation of
gaseous and liquid mixtures of commercial imporaf®; 7, 9-11] because of
their high thermal and chemical stability, ease @reparation,

hydrophobic/hydrophilic nature for pervaporatiorpa&tion as well as their

appropriate pore size for molecular sieving.



Straight channels

Zig-zag channels

Figure 2.1 Pore structure in a MFI crystal with its typicalfitn shape

Membrane performance is expressed by reporting e¢emoes, ideal
selectivities and separation selectivities. Thar@ance of a gas through the

membrane is defined as the flux per unit drivingéoand calculated as

Permeance

Molar flux _( An j 1

— = X— (2.1
Driving force \ AxAt) AP

where driving force is usually the transmembranesgure difference. The
ideal selectivity is defined as the ratio of thempeances of pure gases and

calculated by Equation 2.2.

Ideal Selectivity,,, = —ermeance of A @.
Permeance of B




For binary mixtures, separation selectivity is de@l by Equation 2.3

[ Ya /yB ]permeate

2.
[XA/XB]feed (

Separation Selectivity, =

where, ¥ and y are the mole fractions of components A and B m glas
mixture at the permeate side angl and % are the mole fractions of these

components at the feed side of the membrane.

The separation selectivity is also defined in theligts carried out with zeolite
membranes as the ratio of permeances of the gesipahe mixture using a
log-mean pressure difference through the membrasedoon partial pressures

in feed, permeate and retentate sides [10].

Molar flux of y
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Molar flux of B
AP,

WhereAP, g is the log-mean pressure difference of the compisrténough

Separation Selectivity, =

the membrane and calculated as
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2.2 Synthesis of zeolite membranes

Zeolite membranes are usually synthesized as aldlggr on a macroporous
support [3, 4, 17, 18, 35, 36]. The support prosittee mechanical strength to
the membrane while the zeolite layer accomplishesseparation. The porous
support can either be disc [14, 18, 37] or tub{8&40] shape. For industrial
applications, tubular membranes are more suitdide discs because larger
surface area in a unit volume can be obtained tuitles. On the other hand in
laboratory scale synthesis, investigating membeearation conditions can

be easier with disc shape supports [41, 42].

MFI type zeolite membranes are typically synthesiae batch systems by
placing the support into gel or clear synthesisitsmh at temperatures between
100°C and 206C at autogeneous pressures [35, 37, 43]. Duringyhéhesis
from gels, a dense amorphous layer forms on thepa@tpin which
crystallization takes place [20, 21] to yield antouous MFI layer. Crystal
growth proceeds until all the gel is consumed. gélethat may fill the support
pores is also converted to zeolite. Pore fillingutes in zeolite membranes with
low flux [19, 44, 45]. Several attempts have bearried out to prevent the
penetration of the gel into support pores to gghér fluxes. For instance Yan
et al. [44] synthesized ZSM-5 membranes on porpdd,O3; supports. The
support pores were initially filled with carbon, #wt ZSM-5 crystals formed
only on the surface. The carbon filler was thembdrout to open the support

pores. Thus thinner membranes were obtained.

No amorphous phase forms during the synthesis flear solutions. The clear
solution synthesis starts with the hydrolysis ditaiin tetrapropylammonium
hydroxide solution at room temperature [22, 46, 4His solution consists of
silica in the form of nanoparticles with compositiand structure similar to
MFI crystals [24, 47]. Therefore all solid produtiat formed from a clear

solution is expected to be crystalline zeolite. o advantage of using the



clear solution is that crystals are much smallet @so crystal size distribution
is narrower than those obtained from the gel systf2®-24]. Small crystal
size with a narrow size distribution is desiredbtmain the uniform thickness
along the membrane which strongly affects the mamdbiquality. Hedlund et
al. [14] synthesized MFI membranes in batch systam400°C from clear
synthesis solutions. They observed dense and thipng) membranes with
high fluxes on alumina supports which seeded wailtoal MFI seed crystals
synthesized from clear synthesis solution. Chalef48] prepared MFI type
zeolite membranes at 145 and 175 °C from clearhsgig solution in
autoclaves. They observed a-oriented or hOh/c-mtemembranes with a

thickness of 3 um and 8 um, respectively.

Alternative to batch synthesis several attemptsehéeen performed to
synthesize zeolite membranes in semi-continuou$, [@htinuous [28] and

recirculating flow systems [29] to improve the meare quality by providing

more uniform synthesis conditions in the syntheseslium. Richter et al. [28]
synthesized ZSM-5 membranes on the inner surfatebels and capillaries at
150°C. They supplied the fresh synthesis solutmminuously with a flow rate

of 0.25 cm/min through the capillary and tubes wgrithe hydrothermal

treatment. By this way they prevented the depletibthe precursor solution
during crystallization and obtained homogenous nramgs of 30 pum

thickness with H/SF; ideal selectivity above the Knudsen selectivity.

Culfaz et al. [29] prepared MFI type zeolite memmgs at 9%C in a
recirculating flow system where the synthesis sotutvas pumped out from a
reservoir, flowed over the porous support and netdrto the same reservoir by
means of a peristaltic pump with flow rates of & and 48 ml/min.
Membranes were prepared on seeded tubular alumippods from clear
synthesis solutions at 80°C and 95°C at atmosplpeeissure. The membranes
had a thickness of 2 um and separated equimolauraeiof n-GH,o and i-
C4Hip with a separation selectivity of 7.6 at 200°C. Mhdigeparation



performance of membranes was attributed to the nuororm conditions

provided by the flow of synthesis solution along support.

During the synthesis some defects or pinholes can fn the membrane. The
separation performance of the membranes dependsthen size and
concentrations of non-zeolitic pores. The non-zeolpores diminish the
selectivity but increases the permeability. Theedef in the MFI films are
often plugged by following multiple syntheses prwes, in which synthesis
is repeated on the same membrane using brand natesys solution each
time. These multiple synthesis steps which ardezhion until the membranes
become impermeable to,Nefore calcination improve the membrane quality
by plugging the nonzeolitic pores [3, 7, 19]. Cataal. [19] recently reported
that zeolite membranes with thicknesses aroungn2@xhibit good separation
selectivities. The selectivity may increase witbreasing membrane thickness,
but this increase is usually accompanied by a dseref flux. Therefore thin
zeolite membranes with good quality are required dombine high

permeability with high selectivity [19, 49].

2.3 Factors effecting the membrane properties

There are some factors that affect the membranktyjsach as source of the
reactants and composition of the synthesis solutdRl type zeolites are
typically prepared from solutions composed of $i@l,03;, NaO, H,O and

often an organic template [32]. During the syntbesi MFI membranes on
alumina supports, and the synthesis solution dagscantain A}Os;, some

aluminum can incorporate in to the zeolite framdwbecause of aluminum
leaching from the support. The aluminum incorparatieads to increase the
hydrophilicity of the membrane which strongly affe its separation
performance. Besides the synthesis compositionthegis temperature and
seeding of the support also affect the membranetsie and defects and

consequently membrane separation performances.
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2.3.1 Effect of support seeding on membrane properties

Zeolite membranes are crystallized on blank or esgexlipports. For seeding
zeolite crystals, prepared separately, are depbsitéo the support surface
before membrane synthesis. Different seeding tecisi such as dipcoating
[20, 38, 50-52], vacuum seeding [53, 54] or rubbib§, 56] are used to obtain
closed-packing seed layers. Because seed layels lagise-packing may
originate defects in the membrane layer [17].

Caro et al. [19] reviewed that the use of seedisrofa way to control the
growth of a zeolite layer on the support surfacd aeeding the support
surface reduces the effect of the surface chemastthe support. Membrane
synthesis on seeded supports requires shorteresysttimes [17, 20] and gives
better separation performances than the membramtsesized on unseeded
supports [4, 14, 57, 38].

Lai et al. [20] synthesized silicalite membraneshwsurface seeding. They
resulted that the seeding of the supports leadsatd the crystallization on the
support surface. Bernal et al. [58] suggested that zeolite membranes
prepared with seeding may exhibit a film composedr@nted crystals since
the seed crystals grow preferentially towards thk lof the solution which

causes a well intergrown oriented zeolite layer.

Zhang et al. [43] investigated the effect of seeé ®n the formation of seed
layers and zeolite membranes. The membranes werthesyzed on the
supports which coated with 100 nm, 600 nm, 1.5 Amm and 7.5 um MFI
seed crystals. They obtained a uniform and denselmame layer with 2 um
thickness when the support was seeded with 100rpstats. With the increase
of seed size from 600 nm to 3 pum the seed layearbeccoarser and
consequently intergrowth of the membrane becameepodhey also observed

that a continuous membrane cannot be obtainedeifstipports were coated
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with large (7.5 pm) seed crystals because of tindbon of discontinuous
seed layer.

Dincer et al. [54] investigated the effect of sesdount on the membrane
guality. They loaded different amounts of seed talgsby vacuum seeding and
reported that a low amount of seed crystals fornaitigin and uniform layer on
the support surface led to the formation of compaetl uniform ZSM-5
membrane layers whereas asymmetric ZSM-5 layeraddrwith increasing

the seed amount.

Li et al. [59] showed that continuous mordenit&Z8M-5 type membranes can
be prepared from the same synthesis solution utideisame hydrothermal
conditions by using mordenite or MFI seeds. Theygested that the zeolitic
phase can be controlled by varying the type of segstals.

2.3.2 Effects of hydroxyl, soda, template concentrationen membrane

properties

The choice of synthesis composition is criticalpi@pare good quality MFI
membranes. A wide range of concentration of coraptsin the synthesis
solution was researched to produce good quality Ionenes [19, 30, 31]. A
good zeolite membrane is likely to be thin and hawenonzeolitic pores. The
membrane thickness depends on the number andfsigeconstituent crystals.
The NaO/Si0,, OH/SIO, and TPA/SIO; ratios in the synthesis mixture affect
the crystal size and consequently the membran&knbss. The organic
molecules like TPAOH or TPABr serves as templatiei¢sure directing agent)
during the formation of MFI type zeolites so theg ancapsulated in the pores
of the crystal. Therefore they have to be removedfthe pores by thermal
treatment after synthesis.
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Kim et al. [60, 61] synthesized template free ZSMr§stals and investigated
the effect of NgO content on the crystal purity and morphology. yrhe
reported that if the Si€AI,O; ratio is lower than 30 the Ma content should
be as low as possible to obtain pure ZSM-5. Theg &und that the crystal
size decreased with the increase inMaontent. They concluded that Na
cation acts as a structure directing agent and negisathe nucleation and
crystallization rate. They reported that the @altation period to reach 100
% crystallinity decreased from 36 h to 30 h asI&IO, molar ratio of the
synthesis solution increased from 0.09 to 0.14.

Wong et al. [30, 31] investigated the effects &&éhity on zeolite growth rate
by using synthesis solution containing a mixtureT®ABr and TPAOH. At
constant temperature and TRPBiO, ratio, the growth rate of the zeolite layer
increased from 0.03 pum/h to 0.15 pm/h with incregghe OHSIO; ratio
from 0.07 to 0.27. On the other hand, poor int@rgh among the crystals in
the membrane layer was obtained and dissolutidviFifcrystals was observed
at high OHSIO;, ratios. They concluded that low (08i0,<0.18) and high
(OH/Si0,>0.45) concentrations of OHhave detrimental effect on the

membrane quality.

Wang and Yan [62] varied OFiO, ratio from 0.1 to 1.0 by changing the
TPAOH concentration of the synthesis mixture. Thbgerved that crystal size
passed through a minimum at @60, of 0.5. They concluded that nucleation
was inhibited at high and low TPAOH concentratideading to formation

fewer, yet larger crystals.

In the formation of MFI type zeolite membranes,istalso important to
optimize the SIQTPA" ratio to obtain highly intergrown crystals in the
membrane layer [26]. Noack et al. [26] reviewede tleffect of
SiO/(TPAOH+TPABY) ratio during the synthesis of MFI mbranes at 180°C
over 72h on seeded supports. The RTPAOH+TPABTr) ratio was changed
between 3.3 aneb. Membranes with highest,l$F; ideal selectivity of 249
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were obtained from mixtures with a SIDPA" ratio of 30. On the other hand,
the mechanical stability of membranes decreaseld initreasing SigTPA"

ratio.

2.4 Crystal orientation in MFI type zeolite membranes

MFI type zeolite structures exhibit an anisotropare geometry with their
straight and zig-zag channels. Since this anis@refructure results in an
anisotropy in mass transport the orientation of tmgstals can strongly
influence the permeation behavior [19].

Figure 2.2 shows the different configurations ofstals on a surface and their
corresponding XRD patterns. When the MFI crystem a randomly
oriented membrane layer, the XRD patterns of thembrane and powder MFI
are likely to be the same as shown in Figure 2.Zlae MFI crystals can be
oriented on the surface in four different configimas. When the crystals
oriented in a specific direction, the reflectiomsnh planes parallel to surface
appear more strongly in the XRD pattern. For ims¢ain a membrane with a-
oriented crystals(Figure 2.2.b), the zig-zag chénaee perpendicular to the
support surface while the straight channels arealighrto the surface.
Therefore the reflection from (200) plane showsrgjrintensity in the XRD
pattern of a-oriented membranes. In these typeseohbranes, the permeating
molecules should diffuse through zig-zag channetsvéen feed and retentate
sides [19, 59]. The b-oriented MFI membranes lagemiost favorable type for
gas separation. In this kind of orientation, tirmight channels of the MFI
crystals are perpendicular to the surface (Figu2ecp, therefore the diffusion

rate is expected to be high in this configuration.
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Figure 2.2 The representative XRD patterns and schematic dgswiof
different crystal orientations in MFI type zeoliteembranes.

Other types of orientation are c-directed (Figur@.d and hOh-directed
(Figure 2.2.e) orientations. In c-directed membgroth straight and zig-zag

channels become parallel to the surface and indi@cted membranes, the
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crystals make a 34° angle with the normal to thdasa. Therefore a gas
molecule can penetrate form one side of the menebtarthe other side by
jumping between the straight and zig-zag channéhe diffusion rate in these

kind of membranes is likely to be the lowest amalgypes.

The orientation of crystals along a certain dictiduring the membrane
synthesis mainly depends on the composition ofhegis mixture [ 63, 64].
Wang and Yan [62] reported that the T8 and N&TPA" ratio of the
synthesis mixture mainly affects the crystal oréion in MFI membranes. For
instance, b-oriented membranes were obtained foatiens with OH/Si ratio
of 0.36 and N&TPA' ratio of 0.13. On the other hand, randomly oeent
membranes were obtained from solutions with /SHratio of 0.82 and
Na'/TPA" ratio of 1.56.

In addition to synthesis composition crystal oréiain also depends on the
seeding the support surface. If a randomly orgkrdeed layer is used c-
oriented or (hOh)-oriented films are obtained. Ow tother hand, if the
membrane is synthesized on a support coated witbrab-oriented seed
crystals, the final membrane layer will also b@=ab-oriented [65, 66].

Since the MFI crystals grow faster in c-directibart a- and b-directions, most
MFI membranes are c-oriented with a columnar stinecf42, 65, 66] as shown
in Figure 2.3. Many researches [30, 31, 36, 436%968] have suggested that
during the hydrothermal reaction the seed crysiadsv with an evolutionary
columnar growth mechanism which may be responsibtethis type of
orientation. According to this mechanism, at easigiges of the secondary
growth, the seed crystals can grow in all possililections with the different
growth rates and these crystals intersect and gntovone another as time
proceeds. Finally, the crystals with the fastesiwgh rate normal to the film

towards the solution phase survived at the surfdtiée others are embedded
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under the growing layer. Therefore, the crystalsnfog the membrane layer

have columnar structure and exhibit a preferreendaition.

columnar. » -

7 Fstructure”

-
] : b T
f ———f 1 PR " —  1Brm I
2Ky ?:Zgggg_ | f METU ~ ‘2ZBKU Rz, 506l

Figure 2.3Randomly (a) and c-oriented (b) membrane strustfines study]

2.5 Characterization of the membranes

Zeolite membranes are often characterized by Xdiyaction for phase
identification and scanning electron microscopyrfmrphology determination.
Single gas permeation tests using molecules witlerdnt kinetic diameters

are also used to characterize membranes.

Gas permeation tests can be done by two methodshvainé distinguished by
the sweep gas utilization [42]. In a method witheuteep gas an absolute
pressure drop is maintained across the membraonaghout the experiment
[18, 38, 52]. The biggest advantage of the absqitgssure drop method is that
single gas permeation rates can be measured gjregtickly and simply.
Another method is the Wicke Kallenbach method [4, 15, 37]. In this
method, both feed and permeate side are at the gassure. At the permeate
side an inert sweep gas like helium, argon or géroflows to carry the
permeated molecules to out of the membrane ced.mhjor drawback is that

the permeation of the feed components can be affeiom the counter
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diffusion of the inert sweep gas [42]. Besidesfgbaneated gas mixture should
be analyzed to be able to calculate the permeance.

Light alkanes (&C,) and inorganic gases are usually used for peroreati
studies since the pore size and adsorption preseoti MFI type zeolites are
suitable for the separation of those gases. Figureompares the pore size of
MFI crystals with the kinetic diameter of some hychrbons and permanent
gases. Separation performance of membranes arteaffsom the differences

in kinetic diameters, and diffusivities, and adsanp strengths [25, 69, 70].
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Figure 2.4Comparison of pore size of MFI type zeolites witk kinetic
diameters of different gases

Several criteria like bWSK; [3] or No/SK [9, 40, 51, 71] ideal selectivities
were used to evaluate the membrane quality. Bexhal. [51] used WSFK

ideal selectivity of 10 as quality criterion whesedacDougall et al. [72] have
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claimed that in a defect free MFI membrang3¥; ideal selectivity can be as
low as 4. Since the $Fnolecules have comparable kinetic diameter with MF
type zeolite pores, they cannot easily diffuse ith® zeolite pores as,Man
do. So N/SFK; ideal selectivity can be taken as quality criterif27-29].
Besides, Noack et al. [15] considered that a mengbnaith H/SFK; ideal
selectivity greater than 40 can be viewed as @ gp@lity membrane. In some
studies n-GH,¢/i-C4H; ideal or separation selectivities were used agasore
of membrane quality [35, 37, 57, 71], since isomzaanot be separated in
mesopores. Knudsen diffusion dominates in mesoprdseparation of gases
is based on the differences in molecular weightser@fore separation of
butane isomers that can only be accomplished by M&nbranes without

defects is a good indication of membrane quality.

2.6 Permeation through MFI membranes

In zeolite pores both surface diffusion and ac@datgaseous diffusion

contribute to the total flux of gases [16, 69, 70}e permeance resulting from
activated gaseous diffusion is independent of presdrop. The permeation
through non-zeolitic pores in which Knudsen diftusiand viscous flow take
place should be taken into consideration in additio permeation through
zeolitic pores. Similar to activated gaseous diffnsthe permeance from
Knudsen diffusion is independent of the pressup dicross the membrane
whereas the permeance from viscous flow increasés wcreasing feed

pressure [73].

Van de Graaf et al. [74] have investigated the sarnes dependence of the
permeances of helium and neon. They reported thigtad low temperatures
(200-210 K) permeances slightly increased with easmng pressure drop
across the membrane. Jareman et al. [5] and GQodiaan et al. [21] have
also investigated the effects of applied feed pmesson the single gas

permeances. They showed that the changing the dfees$ure with constant

19



permeate pressure did not affect the, HN, and He permeances.
Gopalakrishnan et al. [75] also suggested thatspresindependent permeation
of the small molecules indicate defect-free memérsinucture and pressure

dependent permeation of larger molecules indicaserption dependency.

On the other hand, temperature has strong influendée permeation through
MFI membranes. Bakker et al. [69] proposed a trarismechanism for the
weakly adsorbing gases and light hydrocarbons. Alieg to this mechanism
since the increase in temperature enhances thelityalii adsorbed species,
permeation rate increases with increasing temperaémd goes through a
maximum and then decreases. As a result of furtiveease in temperature the
permeance reaches a minimum. At a sufficiently higimperature the
adsorption becomes negligible and only diffusiomtoals the permeance.
Therefore after permeance reaches to minimum ritssta increase again with
increasing temperaturesStrongly adsorbing molecules have a minimum in

permeance at higher temperatures than weakly adgammolecules.

Coronas et al. [25], on the other hand, proposad ribt only the adsorption
and diffusion properties of the gas molecules m zRkolite pores but also the
presence of non-zeolitic pores affects the permeatehaviour. The non-
zeolitic pores are usually in the mesopore rangeayhich Knudsen diffusion
governs the permeation of gas molecules. The prome with Knudsen
mechanism is weakly temperature dependent. Thmeohembranes with
different relative amounts of zeolite and non-zgolpores exhibit different
temperature dependency [9]. If the membrane hige llumber of mesoporous
defects, the permeance slightly change with tentpera whereas the
permeances through membranes with few defectsxgected to show strong

temperature dependency.
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2.7 Gas separation with the MFI membranes

Zeolite membranes are capable of separating conalsdoyt molecular sieving,
competitive adsorption, and differences in diffusicates. In mixtures of
strongly and weakly adsorbing molecules the perimeaif weakly adsorbing
molecules is inhibited by the strongly adsorbinglenoles resulting in pore
blocking effects. For example in nddo/i-C4H0 [10, 16, 19] or

hydrocarbon/methane mixture the preferentially duasd molecules hinder the
passage of the other components in the mixturecéfenf the species are
affected from the others in the mixture, separatsmbectivity cannot be

predicted from the ideal selectivity of pure comeois.

Since the effect of adsorption becomes negligisléemperature increases the
existence of molecular sieving effect can be maadoat high temperatures.
Jareman et al. [76] separated hexane isomers bg MFI type membranes.

The kinetic diameters of ng,and 2,2DMB (2,2 dimethylbutane) molecules
are 0.43 and 0.6 nm, respectively. gH¢, is smaller but 2,2DMB is larger than

the MFI pores. They obtained ni#d4/2,2DMB separation selectivity as 85 at
400°C. High separation selectivity at such a heghperature was attributed to

the separation by molecular sieving and to very lgjgality of the membrane.

Poshusta et al. [9] investigated single gas andur@xpermeances of G@nd
CH, at different temperatures. They observed that man@s with the largest
permeation through non-zeolitic pores had the I6W€S,/CH; mixture
selectivity. The highest CGfLCH, mixture selectivity was 5.5 at room
temperature. The selectivity decreased with temperdecause of a decrease

in adsorption at high temperatures.
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Vroon et al. [3] synthesized MFI membranes withhekness of 2 pum by
multiple synthesis steps. They used those membrameke separation of
50%/50% binary gas mixtures. The membrane hadaepa selectivity of n-
C4H1¢/i-C4H1p over 10 andn-C4H1o/CH,4 over 18 at 200°C. High selectivities
obtained during the separation of butane isomerkigit temperatures was
attributed to the blocking of non-zeolitic poresdpplying multiple synthesis.

Although there are many studies related with thgassion of binary gas
mixtures, separation of multicomponent gas mixtuls, 39, 77] is very
limited. The studies performed for the separatinmulticomponent gas

mixtures was summarized in Table 2.1.

Dong et al. [77] worked on the permeation of a sated refinery gas stream
including hydrogen and light hydrocarbons throughFIMtype zeolite
membranes. According to their studies, this typeealite membrane shows
rejection of hydrogen from the hydrogen/hydrocarbomxture at low
temperatures (T<100°C) while at high temperatuthke membranes become
permselective for hydrogen over hydrocarbons.

Natural gas purification is an important applicatiof the multicomponent
mixture separation [10]. Natural gas is a mixture light hydrocarbons
including mainly methane and in small amounts ¢iaee, propane, butanes
and pentanes. Other compounds found in naturalngasde carbon dioxide,
helium, hydrogen sulphide and nitrogen. The cormtioos of natural gas

depends primarily on the production field.

The high hydrocarbons and @©ontents of natural gas are very critical for
industrial use. It is desired to remove these cmmps from methane. Because
carbon dioxide is highly corrosive and it has dweémtal effects to pipelines

and the equipment. High hydrocarbons, however, edser the methane
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concentrations and cause detonation in gas conolnustigines. In addition, the

recovered hydrocarbons are more valuable than metka that they may be

used for other applications [10].

Table 2.1Studies for the separation of multicomponent gagures in the

literature
Multicomponent Mixture ) o
_ - Separation selectivity Refereng
separation type ~ composition
83.5% CH RT 100°C
78%GHs 7 G, /CH=145 | n-GH,/CH,= 4
2% GHg . .
n'C4H10/|'C4H10:ll n'C4H10/|'C4H10:l3
0.5% n-GHy,
Hydrocarbons|  0.3% i-GHo CaHg/CH,=4.5 GHy/CH,=1.5 10
from natural gag  0.13% n-GHy, CHe/CH,=2.5 GHg/CH,=3
0.11% i-C5H12 C3H3/C2H6=2 QHS/C2H6=1
0.1% n-QHl4
0.3% CQ
balance N
84.5% H H, / Hydrocarbon
7.6% CH 0 at 25°C
0,
Hydrogen / 2.5% GHs 0.09 at 75°C
2.5% GH, 39
Hydrocarbon 0.18 at 105°C
i 0.8% GHg
separation o
p 1.5% GH,@ 2 at 150°C
0.4% n-GHy, 2.9 at 200°C
0.3% i-GH1o 3.05 at 500°C
n-hexane, n-hexane/air = 250
Removal of .
formaldehyde and formaldehyde/air = 6.3 77

pollutants from

indoor air

benzene (2-230

ppm) in air

benzene/air = 38

at 25°C
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Arruebo et al. [10] investigated the performanced/&l type membranes on
the separation of hydrocarbons from natural gaeyTised the simulated
natural gas feed with a composition of 85 mol% rapéhand 15 mol% higher
hydrocarbons (the composition is given in Table).1They separated the
natural gas feed into two streams, a hydrocarbadngiream and methane rich
stream. They concluded that zeolite membranes vadre to separate

hydrocarbons from methane with a good selectivity.
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CHAPTER 3

EXPERIMENTAL

3.1 Materials for Synthesis of MFI type zeolite powdes and

membranes

Throughout this study the following reactants wased in the synthesis of
zeolite powder and membranes: 30 or 40 wt% collostgpension of silica
particles in water (LUDOX AS-30 or LUDOX AS-40, Aidh), or
tetraethylorthosilicate (TEOS, 98 wt%, Merck) aslicai sources,
tetrapropylammonium hydroxide (TPAOH, 25 or 40 witYsvater, Merck) or
tetrapropylammonium bromide (TPABr powder, pure,réh¢ as template
sources, NaOH pellets (97 wt% NaOH, 2 wt% waterrdideas soda source

and deionized water (DI water).

3.2 Type of supports used for membrane synthesis

The membranes were prepared on three differentstgbeporous alumina
supports. These were homemade and commereidl,O; discs and
commerciaki-Al ;03 tubes.

Homemade discs had a diameter of 20 mm and a #gskof 1 mm. The
average pore size was 1.3 um, which was deterniagechercury intrusion
porosimeter. The procedure to prepare homemadleO; discs and the pore

size distribution of those discs were given in di@aAppendix C.

Commerciala-Al ;03 discs, which were purchased from Inocermic, Gegman

had a diameter of 20 mm and a thickness of 1 mras@ldiscs had asymmetric
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structure composed of a thin top layer with por@68-8m in size and a thick
macroporous body.

Commerciala-Al ;03 tubes of Pall Exekia, USA had a length of 4.5 ¢rd an
inner diameter of 0.7 cm. The top layer on the inn@face has an average
pore size of 0.2 um. Before membrane synthesisiubes were cleaned by
keeping in an ultrasonic bath for 10 min, washim@.il M HNQ solution and
rinsing with deionized water. The tubes were tdad at 86C. Both ends of
the tubes were glazed with Duncan IN1001 Envisidaz& to create non-
porous tips of about 1 cm. The membranes had a gaiom area of
approximately 5.5 cfn

Nonporous glass discs were also used for the syistiod MFI type zeolite
films. These discs were cut from microscope slided had a diameter of 20

mm and a thickness of 1 mm.

3.3 Seeding of the supports

Vacuum seeding and dipcoating techniques were fmethe seeding of the

supports throughout the study.

3.3.1 Vacuum seeding technique

Vacuum seeding apparatus was shown in Figure 3thid system, a disc was
sealed inside the rubber gasket and then placedebpttwo polyamide dies.
Screws were used to hold the disc in the moduleseAd suspension was
poured on thex-Al, O3 disc and vacuum pump is used to take water in the
suspension away. The seed suspension was 0.02 wifb dize MFI crystals

or 0.25 wt% 350 nm size MFI crystals in DI wateheTsuspension was stirred
on a magnetic stirrer for 30 min and then ultrasated for 10 min. to disperse
the crystals uniformly. 4 ml of this suspensiorswised to coat the surface of
a disk. Only one side of a disk was seeded. Thmairgng part of suspension
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was stored in polypropylene bottles for further. B#ring and ultrasonication
was applied just before next use to redispersectirstals settled during the

storage. After seeding altAl,Oz; were dried at 150°C for 4 hours.

07 Screw

7

7

%
|
) _
ced < %’
suspension %
7
%
| |
Alumina %
Disc .
—_ P(_)lyamlde
Die
Vacuum

() Pump
pand

Figure 3.1Vacuum seeding apparatus

The same apparatus was also used to coat the muspgtass disks with

seeding crystals. Since vacuum cannot be appdi¢det nonporous glass, the
seed suspension was prepared by dispersing MHatsyis dichloromethane,

which is a highly volatile solvent, instead of wated ml of seed suspension
with a composition of 0.02 wt% 1 um size MFI crystan dichloromethane

was put on the glass disc. Discs were kept at rtemperature for 2 h to

evaporate the dichloromethane and to precipitaectistals onto the surface.
After evaporating the solvent, discs were furthéediat 150°C for 4 hours.
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3.3.2 Dip-coating technique

The schematic drawing of the dip-coating setuphms in Figure 3.2. This
setup can be applied to both tubular and disk shapeports. In this setup a
beaker filled with approximately 100 mL of seed mrssion is placed on a
plastic syringe with a capacity of 60 mL. The supps held with a PTFE
holder above the beaker. The beaker containingekd suspension is slowly
raised by pumping watdrom a reservoir to the syringe so that the support
sinks into the seed suspension. After dipping,silngport is kept in the seed
suspension for 10 minutes and the water in thenggriis pumped out to
remove the support from the seed suspension. &duk suspension moved up
and down at a rate of 1-1.5 cm/h during seedings plocedure was repeated
twice, reversing the support upside down in theosddime to achieve more
uniform coatings. In case of disk support two beslkee placed on a plastic
syringe. By doing this two supports are dippeddolebeaker to enable seeding

of four disc supports at the same time.

Alumina support —»} ‘

Seed suspension ———=

Plastic syringe ——|

Water

reservoir

Peristaltic
pump

Figure 3.2.The schematic drawing of the dipcoating setup
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A seed suspension with a concentration of 0.25 wtss prepared by
dispersing 350 nm size MFI seed crystals in an @gaesolution of ammonia
with a pH of 8. The suspension was stirred on anatg stirrer for 30 min and
then ultrasonicated for 10 min. Stirring and ulraisation was applied various
times just before next use to redisperse the stwdshad settled during the
period the seed suspension was stored. After sgadini-Al,O; discs and

tubes were dried at 150°C for 4 hours.

3.3.3 Preparation of MFI crystals for use as seed

In this study both submicron and micron sized aigstvere used for seeding
of the supports. Submicron seed crystals with amarticle size of 350 nm
were synthesized from the solutions with a molarmgosition of
1.0TPAOH:8.17Si@0.08Na0:162.09H0:32.68GHsOH in stainless steel
autoclaves at 91°C for 24 h. TEOS and 40% TPAOkKwesed as silica and
template sources to synthesize the seed crystalpectively. For the
preparation of synthesis solution TPAOH was dilutéith deionized water and
TEOS was added into this solution. Then NaOH sotutvhich was prepared
by mixing NaOH pellets and deionized water in aasafe cup was added.
Since TEOS is immiscible with water, a two phasetare was formed. The
synthesis solution was mixed for 24 h at room teapee for the hydrolysis of
TEOS and to obtain a clear solution.

Micron sized seed crystals were synthesized froensthiutions with a molar
composition of 6.5Na0:25SiQ:6.9TPABr:1136HO in stainless steel
autoclaves at 130°C for 24 h. LUDOX AS-30 and TPA#are used as silica
and template sources to synthesize the micron seed crystals, respectively.
For the preparation of synthesis solution TPABr angart of distilled water
was mixed, then NaOH pellets were added. This ieslutvas stirred on a
magnetic stirrer until all NaOH pellets and TPABwaer were dissolved in
water. Then LUDOX AS-30 and the remaining water avadded into this

solution. The synthesis solution was stirred fdn &nd after stirring a blurry
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gel was obtainedThe amounts of reactants to prepare 100 g of sgisthe

solution by both methods were given in Appendix A.

After previously decided period of time, the auto@s were taken out of the
oven and quenched to room temperature in cold @erwThe solid product
was recovered from the mother liquid by centrifggithe contents of the
autoclave at 640 g for 10 min. The solid producs wedispersed in DI water
for washing and centrifuged again at the same ifeging conditions.

Washing was repeated several times until the ptHesolution above the solid
dropped to nearly 8. The solid products were dimethe centrifuging tubes at

80°C overnight, removed from the tubes and poumndedate mortar.

The surface SEM images of the unseeded and seededearcialo-Al ;O3 disc
supports are shown in Figure 3.3. The seed ceybtale uniform particle size
distribution and the surfaces of the supports wetally coated with seed

crystals by both seeding techniques.
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Figure 3.3The surface SEM images of the unseeded commeréiblO; disc
supports (a), seeded with 350 nm seed crystalsphgahting technique (b),
seeded with 350 nm seed crystals by vacuum seégbhgique (c) and seeded
with 1 um seed crystals by vacuum seeding techr(djue

3.4 Synthesis of MFI type zeolite membranes with diffegnt

soda concentrations of crystallization solution

The first part of the study was devoted to invesBgthe effect of soda
concentration on the morphology and degree of tatem of MFI films and
membranes.

Membranes were prepared on homemadkl,O; discs. These discs were
seeded with 1 pm sized MFI type zeolite crystalsvguum seeding as
described in Section 3.3. Membranes were syntheédimen mixtures with a
molar composition of XxN#:25SiQ:6.9TPABr:1136HO where x was
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changed between 0 and 6.9. LUDOX AS-30 and 1 Mkssotutions of NaOH

and TPABr were used in the preparation of synthesisitions. For the
preparation of synthesis solution NaOH and TPAButsins were mixed, then
LUDOX and water were added into this solution. Byathesis solution was
stirred for 1 h. After stirring the synthesis sadat was clear if

0.25<Na0<1.85 and a blurry gel if N®>2.0.

Membrane synthesis was carried out in stainless sigtoclaves with PTFE
inserts having 35 ml capacity at 150°C for 24 he @Al O3 discs were placed
vertically in the middle of the inserts with PTF®lters. Following the
hydrothermal treatment all membranes were washéd distilled water, and
then dried at 80 °C overnight. Membranes were gattiat 450°C for 6 hours
to remove the template from zeolite pores.

Membranes and the powder formed in the solutionndguthe membrane
synthesis were analyzed by X-ray diffraction (RislPW1840 diffractometer)
between 5-50Bragg angles using Ni filtered CueKradiation. Operating
conditions of the X-ray diffractometer was tabuthte Table 3.1. Membrane
morphology was determined by JEOL JSM-6400 scaneli@cfron microscope

on gold coated samples at an accelarating voltage kV.

Table 3.1The operation conditions of X-ray diffractometer

Tube Cu
Filter Ni
Radiation Cu-k&
Voltage (kV) 30
Current (mA) 24
Speed (°8/s) 0.1
Time constant (S) 1
Slit (mm) 0.2
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Single gas permeances of,HN,;, CQO,, CH,;, Sk, n-GH1o and i-GH,o were
measured at 25°C and 150°C with a dead-end memhraodule. The
schematic drawing of the single gas permeationpsetiwgiven in Figure 3.4.
The feed pressure was between 1.4 and 2.8 baruddsoid the permeate side
was at atmospheric pressure (0.91 bar). The flaes shthe permeate stream
was measured by a bubble flow meter. For high teatpee measurements, the
module was wrapped with a heating tape, temperatagemeasured from the
middle of the module and controlled by a tempegtantroller. The flow rate
of the permeate stream was measured by a bubble rfieter. The ideal
selectivity was defined as the ratio of single gasneances. The calculation of

single gas permeances and ideal selectivitiesiaea ¢n detail in Appendix D.

Hz E—
Prezsure

N @— gauge

SF, @— (,7{)
COy @ % : J 3 Thertecoupls
iZHy @— .Y

1-CgHp @
Iembrane |

1-CgHy g @— Madule

. Fo-——=— Temperature
Heating controller
tape

BEFMI
Bubble flow

meter

Figure 3.4 Schematic drawing of the single gas permeatianpset
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3.5 Synthesis of MFI type zeolite membrane and powder i
different template concentrations of crystallization solution

Both powder and membrane syntheses were carriei tlus part of the study
to investigate the effect of template concentrawonthe crystallization rate

and the crystal size, which was the second paheoéntire study.

MFI type zeolite was synthesized in powder formnfreolutions with a
composition of 80SIXTPAOH.1500H0O where x was 5, 9, 16 and 30 at 95
°C with LUDOX AS-30 as the silica source. The cajlstation solution was
prepared by mixing TPAOH and silica solutions addiag proper amount of
deionized water. The resulting mixture was stirrédorously at room

temperature for 30 min. so that a clear and hommggsolution was obtained.

Water out—=

a0
]{ifc

Water in —

Synthesis
Magnetic [ solution
—
(<] Q

stirrer
]

+—Silicon oil bath

Hot plate with magnetic stirrer

Figure 3.5 Schematic drawing of the system working under aphesc
pressure



Synthesis of MFI powder was carried out at 95°Chbiot a glass reactor
operating under atmospheric pressure with reflukiarautoclaves operating at
autogenous pressure. The schematic drawing ofglidees reactor working
under atmospheric pressure is shown in Figure I8.Bhis system, 150 g of
synthesis solution was put in a 250 mL glass fthask is placed on a magnetic
stirrer and heater. The solution was stirred mildilying the synthesis. On top
of the flask there was a condenser to provide xefBamples were taken from
the flask at various times during the course oftlsgsis by temporarily taking
the condenser off and sucking 10 mL of the synghesiution fast by means of

a pipette.

Besides synthesis in atmospheric pressure, mentnaree synthesized in
stainless steel autoclaves at autogenous prestgesyntheses with the molar
composition of 80SIXTPAOH.1500HO where x was 5, 9, 16 and 30 with
LUDOX as the silica source were performed at 958C72h on seeded and
unseededi-Al ,O3 discs. These supports were seeded with 350 nrd seed

crystals by vacuum seeding technique (see Sect®h)3

Several membranes were also synthesized from ret@ontaining both
TPABr and TPAOH as two types of template sourc@$fie syntheses were
performed using mixtures with a molar compositidn(@-22)TPABr:(0-22)
TPAOH:80SiQ:21N&0:3600H0O and (0-16)TPABTr:(0-16)
TPAOH:80SiQ:10N&0:2500H0 at 150°C for 24h on seede€Al ,O5 discs.
The seeding of the supports was done with 350 medsseed crystals taip-
coating method which enables to seed four discatppat the same time. For
the preparation of synthesis solution NaOH and TP#ddutions were mixed,
then LUDOX and water were added into this solutibhe synthesis solution
was stirred for 1 h. The synthesis solution wasicivhen TPAOH was used
and blurry when TPABr or (TPAOH and TPABr) mixtureas used as

template.
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The samples taken from the synthesis solution iwdeo or membrane
synthesis at atmospheric pressure and in autoclaees centrifuged with a
relative centrifugal force of 640g (6000 rpm) fd¥ Binutes. The precipitated
powder was redispersed in distilled water, and wastrifuged. This

procedure was repeated several times until the fpslipernatant dropped to
about 8. The solid products were dried overnigh8®C. Percent yield and
crystallinity changes with time were observed with quantitatively recovered
solid products. The calculations of maximum yieldrystallinity and

conversion are given in detail in Appendix B.

Phase identification of the powders and membranas made by X-ray
diffractometer with Ni filtered Cu-K radiation. Morphology of the membranes
was determined by Scanning Electron Microscope &aeion 3.4). Particle
size analysis of the powder samples were perforimedasterSizer 6000
Particle Size Analyzer. For particle size analyapproximately 3 ml of sample
withdrawn from the reactor was put in a centrifiigiee and diluted with water.
The diluted mixture was ultrasonicated for 2 mio. lbreak down the
agglomerates and to distribute the crystals unifprm The particle size
analyzer has also an ultrasonication unit, whicmsaito prevent any

agglomeration of the crystals during the analysis.

3.6 Synthesis of membranes with mid-synthesis additiorof

silica to the synthesis medium

In the third part of the study, MFI type membranese synthesized from clear
solutions in the flow system. The effect of midwyesis addition of silica to
the synthesis medium during the course of cryzatibn on the properties of
the resultant MFI type membranes was investigated.
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Membranes were prepared on unseeded commexraddpO; disc supports.
Composition change during the synthesas carried out in a continuous flow
system where the synthesis solution was flown tiverdisc shaped supports.

The schematic drawing of the system is shown inifei@.6.

A)

=)

l] o
o ©) (D)
(E)
(B)
I A A I
(A) Condenser (D) Disk membrane module

(B) Oven with magnetic stirrer ~ (E) Glass flask containing synthesis solution
(C) Disk membrane module (F) Peristaltic pump

Figure 3.6 The schematic drawing of the system used duriegstmthesis of
membranes with mid-synthesis change of composition

The synthesis solution was kept in the reservdnictvis a 250 mL glass flask,
with five entries one for the condenser, two fog #ntering streams and two
for the exiting streams. There are two membraneutesdwhich were held

vertically next to the glass flask. All parts oketketup were placed in an oven



with a magnetic stirrer. At the beginning of thenthesis twoa-Al,O5; discs
supports were placed into the membrane modules.e 3ynthesis of
membranes began in the clear solution with a maamposition of
80Si0:30TPAOH:1536H0 at 95C. The flow rate of the synthesis solution
was 6 ml/min. The synthesis solution was prepasedescribed in Section 3.5.
After 24, 48 and 72 h, one of the modules was diseoted from the system
and the overall composition of the synthesis sofutin the container was
changed to 80SIEOTPAOH:1536H0 by adding silica (LUDOX AS-40), and
crystallization was continued on the remaining suppThe synthesis was
completed in 72 h or extended for an additionah &2ter composition change.

Besides two membranes were separately prepared tiiensolutions with a
molar composition of 80SKOBTPAOH:1536H0O and
80Si0G::30TPAOH:1536H0O without addition of silica during the course of
synthesis. Constant composition syntheses wefferperd at 95°C for 72 h.

The flow rate of the synthesis solution was 6 mimi

Following the hydrothermal treatment all membravesre washed with
distilled water and then dried at 80°C overnigherivbranes were calcined at

450°C for 6 h to remove the template from MFI pores

Phase identification of the powders and membranas made by X-ray
diffractometer and morphology of the membranes detsrmined by Scanning
Electron Microscope (see Section 3.4.). Particke sinalysis of the powders
was performed with MasterSizer 6000 Particle Sinalgzer (see Section 3.5).
The H, N,, n-GHio and i-GHjo single gas permeation and gHzy/i-C4H10

binary gas mixture separation experiments were atstducted with those
membranes at 25°C and 100°C. The detailed exptanafisingle and binary
gas permeation setups and procedures are giverecdtio® 3.4 and 3.7,

respectively.
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3.7 Separation of binary and ternary gas mixtures by Ml

type zeolite membranes synthesized in a flow system

In the fourth part of the study, MFI type membranieat were synthesized
from clear solutions in the flow system were useddparate mixtures of,N
CH4, COz, n-C4H10 and i-QHlo.

3.7.1 Membrane synthesis and characterization

Membranes were synthesized on commercial tulaukalr,O; supports. Before
synthesis the tubes were seeded MFI crystals witliameter of 350 nm by

dip-coating (see Section 3.3.2).

The molar composition of the solution for the swsils of membranes was
80Si0Q:16TPAOH:1536H0. The crystallization solution was prepared by
mixing 25% TPAOH and LUDOX AS-30 solutions and adgproper amount
of deionized water. The resulting mixture was strrvigorously at room
temperature for 24 h. so that a clear and homogesolution was obtained.
Membrane synthesis was carried out in the reciticgjeflow system at 95°C
for 72 h. The schematic drawing of the system mwshin Figure 3.7. The
details of the continuous system have been repedddr [29]. In this system
the synthesis solution was kept in the reservdnicivis a 100 mL glass flask,
with three entries for the condenser, for the emgestream, for the exiting
stream and the last one for sample taking. Thehsgig solution was
recirculated along the membrane by means of a tpkits pump. The
membrane was held vertically in a glass module. Tihes, between the
reservoir and membrane module were platinium cwwiédone tubing. The
reservoir, the membrane module and the tubing wepe in a silicon oil bath
at the synthesis temperature. The oil was heatdbebfiot plate with magnetic

stirrer.
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Figure 3.7 The schematic drawing of the recirculating flowsteyn used for
membrane synthesis

Some membranes were also synthesized at 95°C foin ARainless steel
autoclaves with PTFE inserts. The support was cadlyi aligned during the
synthesis both in flow and in batch systems. Adtgrthesis, membranes were

washed with distilled water until the pH was aro@@nd dried at 80°C.

Membranes were characterized by X-ray diffractomigtephase identification
and Scanning Electron Microscope for morphologyedeination (see Section
3.4). Single gas permeances of, M, CO,, CH,;, n-CHio and i-GH;o were
measured at 25-200°C in a dead-end module witlarsstnembrane pressure
difference of 1 bar as described in Section 3.5e permeate side was at
atmospheric pressure (0.91 bar) and the permeaterfite was measured by a
soap-bubble flow meter. The ratio of single gasr@ances was defined as the

ideal selectivity.
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3.7.2 Separation of binary and ternary gas mixtures

Equimolar n-GH1o/CHg4, N-CH1/CO,, N-GH1¢/N2, CHYy/i-C4H10, No/i-C4H1,
N-C4H10/i-C4H10 and 30%n-GH;1¢/70%CH,, 20%n-GH;1¢/80%CH, binary gas
mixtures were separated in a steady-state sepanataress between 25 and
200°C. A ternary gas mixture with a molar compositioh70% CH, 20%
CO, and 10% n-GH;gwas also separated at 20, 100 and’@00The schematic
drawing of the setup used to separate binary andrggas mixtures is shown
in Figure 3.8. This setup consists of three pastiead, permeate and retentate.
The feed pressure was at 2 bar and had a flonofad® mL/min. The flow
rate of the feed gases was controlled with mass ftontrollers. Permeate
pressure was 1 bar and its flow rate was measuyed boap-bubble flow
meter. The transmembrane pressure difference wagded by means of back-
pressure valves. Permeate and retentate flow waes measured with bubble
flow meters. Feed, permeate and retentate gas masxtmere analyzed on-line
by a gas chromatograph (GC, Varian CP-3800) eqdipgth a TCD detector
and Propak T packed column. In high temperaturesnrements, the module
was wrapped with a heating tape; temperature wasuned from the middle
of the module and controlled by a temperature otfletr The separation
selectivity was defined as the ratio of componarteances determined using
log-mean pressure differences [10] as shown in AgpeH and I. Steady state
composition values of permeate and retentate gasiras were used for the

permeance and separation selectivity calculations.
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3.7.3 Operation of gas chromatograph

The operating conditions of the gas chromatogrdp@)(are given in Table
3.2. A 10-port valve and two sample loops were mbed to the GC for the
analysis of permeate and retentate side gas mstsiraultaneously. Two
steps, sample loading and injection, involved dutine analysis of permeate
and retentate compositions by GC. Figure 3.9 shbedglifferent positions of
the 10-port valve during these steps. The GC aisabtarts at Position | and
the gas mixture from the retentate side of theesydills the first sample loop
while the permeate side gas mixture is automayicaljected into the GC
column with He carrier gas. At Position I, the peate gas mixture enters into
the second sample loop while the retentate gasunaih the first sample loop
automatically injected into the GC column with Hereer gas. After this cyclic

process the valve turns to Position I.

Table 3.20perating conditions of GC

Column Propak T
Column temperature 100°C
Valve temperature 120°C
Detector TCD
Detector temperature 120°C
Sample flow rate 40 ml/min
Reference gas and flow ratde, 30 ml/min
Column pressure 18 psi

Prior to sample analysis, a calibration was domé\fo CH,;, CO,, n-GHypand
I-C4H10 to determine their amounts in the gas mixtureibdCation curves were

obtained by relating the chromatographic peak twethe partial pressures of
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each gas under fixed operating conditions of GG @&mount of each gas in
the binary and ternary gas mixtures was determinach these calibration

curves. The GC calibration curves for each gagweren in Appendix F.
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hY Carrier gas He

Perme atm

nd
27 sample
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Figure 3.9 Positions of 10-port injection valve during thebssis of retentate
and permeate gas streams. Permeate and retenetaieadyzed in position |
and Il, respectively.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Effect of soda concentration on the morphology ofite MFI

type zeolite membranes

MFI type crystals have two-dimensional channel mekaconsisting of straight
channels along the crystallograpliieaxis and sinusoidal channels along the
crystallographi@-axis. Orientation of MFI crystals in the membraager has,
therefore, significant influence in the permeatioharacteristics and the
separation performance of the MFI membranes. Thmientation mainly
depends on the composition of the synthesis mixame seeding the support
surface with MFI crystals [63, 64]. Seeding fdaties the growth of zeolites
on the support and increases the reproducibilithembrane synthesis [4, 30,
31, 59, 78] in addition to controlling the prefirorientation [36, 43, 68, 59,
80]. The crystal orientation is also sensitivéhe OH/Si ratio of the synthesis
mixture, and preferentially oriented films are faewnat OHSIi < 0.64 [30, 31].

In this part of the study, MFI type zeolite meml@srwere synthesized over
porous a-Al,O; supports from clear synthesis solutions with a amol
composition of (0-6.5)N#:25SiQ:6.9TPABr:1136H0O at 156C. The effect
of N&O concentration on crystal orientation was inveggd. The membranes
were characterized by XRD, SEM and by measuringlasigas permeances of
Hz, Na, CO,, CHy, N-GyHjg, i-C4H1p.
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4.1.1 Membrane Synthesis on Seeded and Unseeded Supports

Membranes that were synthesized as described io8e4 were coded as
M(x) to indicate the amount of soda in the synthasilution. Two membranes
were synthesized from the solutions with the samemposition
(IN&0:25SiQ:6.9TPABr:1136H0) on the seeded and unseeded supports.
Seeding of the supports were done by vacuum seddaimique and with 1
pm size crystals. The membrane M(1) was on theeskadd the membrane
M(1u) was on the unseeded support. Figure 4.1 sttber XRD patterns of

those membranes and that of MFI powder.

10000

8000+

6000+

unseeded M(1u)

Intensity

4000+

2000+

0 T T T T T T
5 10 15 20 25 30 35 40

Bragg Angle

Figure 4.1 XRD patterns of powder MFI, unseeded membrane Mg@ngj
seeded membrane (M1), the asterisks shows-gO; peaks

On the XRD patterns, only reflections originatimgnh alumina and MFI type
zeolite were observed. However, the MFI peaks a#48nd 24 Bragg angles,
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which correspond to (101), (102) and (303) plamespectively, are more
pronounced when crystallization was carried outtlen seeded support. The
strong intensities of reflections from (101) and3B planes in the seeded
membrane M(1) indicate a preferred orientatiorhidh( direction [3, 6, 36, 43,
59, 67, 79, 81]. Increase in reflections from (t(?L2) and (002) planes also
indicate the presence of someriented crystals [48]. Because of having both
(hOh) andc-oriented crystals, we called this membrane as )(b@hiented
membrane. The pore structure of MFI as well as (fih) andc-directed
orientations were illustrated in Figure 4.2. Oa tther hand, the XRD pattern
of the membrane synthesized on unseeded supporvemasimilar to that of
powder indicating that the MFI layer on the unsekesiepport is composed of
randomly oriented crystals. Lovallo et al. [82]sa observed that
preferentially oritented MFI layers form on seedenlface while crystals are
randomly oriented on unseeded surface. Similarlyet_gal. [59] synthesized
mordenite type zeolite membranes on alumina supgemtied with mordenite
crystals and they observed that the membrane weferpntially oriented.
Seeding of the support apparently results in thentation of crystals forming
the membrane layer if appropriate synthesis gaséxl [30, 31, 57].

SEM photographs of the membranes M(1) and M(1lu)evatrown in Figure
4.3. The cross-sectional view of membrane M(1) shawolumnar structure as
opposed to the cross-sectional view of membraneuM(1The columnar
structure is due to hO&brientation of MFI crystals on the surface. The
thicknesses of both membranes are approximatelym Zvhereas the crystals
on membrane M(1u) have a length of approximatelyb®d and are greater
than the crystals on membrane M(1), which are apmprately 10 um (Figure
4.3a-b). The surface image of the membranes &lgassthat the crystals on
seeded surface formed very intergrown layer sorthandividual crystals can
be seen on the membrane M(1) as opposed to the raeend(1u). A distinct
seed layer was not observed in the cross-sectibrtieomembrane M(1),
suggesting that all the seed crystals participatedembrane formation.
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c-oriented (hOh) oriented

Figure 4.2 a) Pore structure of MFI crystals b) Representatibo-oriented
and (hOh) oriented crystals

During the evolution of membrane layer on the seeated supports, the
hOhk-orientation is attributed to anisotropic growth il crystals. The
growth rate on the-direction is relatively faster than the growth rateother
crystallographic directions; therefore, most MFlmi@anes withc-directed
orientation have a columnar structure as shownigargé 4.3d, as opposed to
the membrane synthesized on unseeded support am shoFigure 4.3c.
Previous studies also showed that (hOh) orientechiorenes in addition to-
oriented membranes have columnar structure reguhim anisotropic growth
of the crystals [48, 65]. We therefore observed dblimnar structure in the
SEM photographs of the membranes with (hOh)/c-tegkorientation.
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Figure 4.3 Surface and cross section SEM images of membramtsesized
on unseeded M(1lu) (a,c) and seeded M(1) (bedhl,O35 supports
(1.0Ng0:25SiQ:6.9TPABr:1136HO  T= 150°C t = 24h ), the arrow
shows the zeolite layer.

Seeding of the support contributes the orientatbrcrystals forming the
membrane layer [30, 31, 36, 43, 59, 67, 68]. Beatal. [58] explained that
heterogeneous nucleation occurs on the unseededrs@nd the crystals grow
in all directions. On the seeded supports, howesrgstals grow preferentially
towards the bulk of the solution [17, 30, 31]. ®inseed crystals provide
surface for nucleation, a continuous layer composgdighly intergrown

crystals with smaller size can be obtained on sksdpports [20, 43].
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4.1.2 Effect of soda concentration on crsytallinity

The effect of soda concentration of the synthesisti®n on the properties of
MFI films was investigated. The MFI films were paepd on seed coated

macroporousi-Al,03 disks.

The synthesis solution was clear when 0.25€N4d..85 in the batch, however
the synthesis solution turned to a blurry gel wNepO>2.0. Figure 4.4 shows
the XRD patterns of the powders synthesized witleidint amounts of soda in
the batch. Amorphous powder was obtained whenstua content of the
batch was 1.0 and 1.5 moles. At lower and higbecentrations of soda, MFI

type zeolite was the only crystalline phase fornmetthe bulk.

Figure 4.5 shows the percent conversion of theasi batch to MFI for the
powders with different soda concentration. No dalgst form at
0.65<Na0<1.85 soda concentrations. On the other handiyhigtystalline
MFI was obtained if N#8D<0.6 or NaO>2.0. The maximum conversion was
obtained from gels with N®=0.4. For each composition, the synthesis was
carried out more than three times. The results Wwagkly reproducible. Each
time an amorphous phase was obtained at 0.683a85 soda
concentrations while MFI phase was obtained atratbda concentrations.

Soda which is introduced as sodium hydroxide ghath N& and OH ions to
the synthesis medium. High Naoncentration and alkalinity of the reaction
medium cause much higher proportions of the stiiceemain in the solution.
This reduces the conversion of the silica to zed#3]. The function of the
OH' ions can be considered as mineralizer which cads=s®lution of the
silica while Nd ions can act as a structure-directing agent as agelTPA
which enhances the nucleation [60, 61]. The amoah&oda in the range of

0.75<Na0<1.75 may have unfavorable effect on zeolite faioma Similar to
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our results, Wang and Yan et al. [62] observed tmatrystals formed in the
bulk phase when OFK6iO, was higher than 0.64 or lower than 0.2 while the
zeolite crystals appeared in the bulk phase whenSi®B} was between 0.5
and 0.32. Since OHons were originated from TPAOH in their study ythe
suggested that nucleation is suppressed at vety dmgl very low TPAOH

concentrations.
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Figure 4.4 XRD patterns of the powders synthesized with déiféramounts of
soda in the batch. x=0.5(a); 1.0 (b); 1.5 (c); @)Y 2.5 (e); 3.0 (f); 5.0 (g); 6.5
(h) (x Ng0:25SiQ:6.9TPABr:1136H0O  T=150°C t=24h)
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Figure 4.5 Percent conversion of the powder synthesized wiferdnt soda
content in the batch (x N@:25SiQ:6.9TPABr:1136HO T= 150°C t = 24h)

Figure 4.6 shows the XRD patterns of the MFI filptepared on macroporous
a-Al,O3 supports. On the XRD patterns, only reflectiongginated from
alumina and MFI type zeolite were observed. Intiamt to powder results,
MFI crystals formed om-Al,O3 supports even at 1.0 and 1.5 moles of soda.

Moreover there were (hOh)/c-oriented crystalsoeil ,O; supports at 1.0 and
1.5 moles of soda.
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Figure 4.6 XRD patterns of the membranes synthesized witledifft amounts
of soda in the batch. x=0.5(a); 1.0 (b); 1.5 (ci @l); 2.5 (e); 3.0 (f); 5.0 (9);
6.5 (h) (x Na0O:25SiQ:6.9TPABr:1136HO T=150°C t=24h)
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Figure 4.7 shows the XRD intensity fraction andcfi@nal weight change of
the membranes with soda content. The fractionaglethange was calculated
by Equation 4.1.

W -W
Fractional weight change g membrane
(Weor)

suppor) @.

where,
Wmembrane Weight of the membrane (g)

Wsuppore Weight of the blank support (g)

The intensity fraction was calculated using thersgest MFI peak at 23.5° for
randomly oriented membranes and at 24° Bragg dogleriented membranes

together withthe alumina peak at 3Bragg angle using Equation 4.2.

|
|ntensity Fraction= ( MFI )strongest

4.

( MFI )strongest+ (l alumina)

where, |= intensity

Both intensity fraction and fractional weight changf the membranes exhibit
similar trends which pass through a maximum atradlimole of NgO. With
increasing amount of soda, MFI peaks get strondgalevithe alumina peaks
become weaker since amount of MFI in the membraiceesased with the
increasing amount of soda. MFI crystals may formt only on the support
surface but also in the pores of the support. odlascontents greater than 1,
high alkalinity of solution may prevent MFI formati so that the amount of
MFI in the membrane decreased.
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Figure 4.7 The intensity fraction and fractional weight changé the
membranes with the soda content of the synthekis@o

4.1.3 Effect of soda concentration on membrane morphology

Figure 4.8 shows the surfaces of membranes prepatedifferent amounts
of soda. Membrane M(0.5) which was synthesizedhfi batch with soda
content of 0.5 had a MFI layer with large interzigolpores (Figure 4.8b).
There was no apparent MFI layer on the membranthsgized with a soda
content of 0.25 (Figure 4.8a). The well intergrodi| layer starts to form
after a soda content of 0.65. The aspect ratio rgétals increased with
decreasing alkalinity of the synthesis mixture lsat the crystals formed at the
low alkalinities are more elongated than the citgsiarmed at high alkalinities
(Figure 4.8) as also observed by Hasegawa et 8]. if6 MFI membrane

synthesis.
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Figure 4.9 shows the cross-section images of membrgrepared with
different amounts of soda. The crystal morphology aupport coverage
depends on the soda content. When soda contehé &fyhthesis solution was
greater than 0.65, the membranes were composedlufy hintergrown MFI

crystals, which were cubic in shape and had anageersize of 10 um.
Membrane thickness slightly increased with incnegsoda content; the MFI
layers were between 10 and 17 um-thick. The menabiearer was continuous

with no detectable interzeolitic pores.

The preferred orientation of MFI crystals on thenmbeanes was determined by

using degree of orientation which was defined #evs [79]:

(2,) &

Degree of preferred orientatien————
(0,)+(p:)

s stands for the sample, r for the powder reference

(1) (1) |
2™ 1) (1) @4

where, |= intensity

The degree of orientation is equal to one wherhallcrystals are oriented with
the normal to the (303) and (133) plane perpendictd support surface and
equal to 0.5 when the crystals are randomly orgenidée crystals forming a
continuous membrane layer oriented preferentidp@ (hOh)/c-axis with the
degree of preferred orientation passing throughaximum with increasing

soda content as shown in Figure 4.10.
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Figure 4.8 Surface SEM images of membranes synthesized oedeedl ;O3
supports x=0.25 (a); 0.4 (b); 0.5 (c); 0.65 (dP @e); 1.25 (f); 2.0 (g); 3.0 (h)
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Figure 4.9Cross section SEM images of membranes synthesizedeaxted:-
Al,O3 supports x=0.25(a); 0.5 (b); 0.65 (c); 0.85 (d}} (e); 1.25 (f); 2.0 (9);
6.5 (h) (xNa0:25SiQ:6.9TPABr:1136HO T= 150°C t = 24h). The arrow
shows zeolite layer.
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Figure 4.10 Degree of preferred orientation of the membranegh&gized
with different soda content

The soda content of the synthesis batch influerfeesdlative growth rates of
the different crystallographic directions duringweter synthesis and on the
crystal orientation in the final membrane. At eashages of the membrane
formation, the seed crystals grow in all possibieeaions with different

growth rates [4, 43, 59, 82]. As time proceedsséhcrystals intersect and
grow into one another. Finally, the crystals witie fastest growth rate normal
to the film towards the solution phase survivedhat surface while others are
embedded under the growing layer. Besides, WangYamd [62] suggested
that large aggregates of randomly oriented crysiasied on the support
surface because of the agglomeration of silica ysees at high Na

concentrations.
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4.1.4 Characterization of membranes with single gas pernaion

measurements

The gas separation performance of a zeolite membdapends on the
presence of non-zeolitic pores in the membranerlaipdferent synthesis
procedures could produce membranes with differgative amounts of zeolite
and non-zeolitic pores. In this study an orienteehtbrane M(1) and a non-
oriented membrane M(6.5) were characterized by lsirgas permeation

measurements.

Figure 4.11 shows the pressure dependence of tiglesgas permeances
through membranes M(1) and M(6.5). The oriented ntandhas permeances
with at least one order of magnitude lower thanrtbe-oriented membrane at
all pressures. Since no channels are present mkcpéar to the support
surface in  MFI membranes with (hOtylirected orientation, permeating
molecules diffuse through the membrane by jumpietyvben the straight and
sinusoidal channels [59], which is likely to resuft a significantly low

permeance through oriented membranes.

The permeances of GOand n-GHio slightly increased but Hand N
permeances remained nearly the same with incredsetypressure. Jareman
and Hedlund [84] and Gopalakrishnan et al. [75p atdbserved that feed
pressure had no effect on the permeancespfNbl and He. The pressure-
independent permeation of the small molecules veasiteed to defect-free
membrane structure. Pressure dependent permeatidarger molecules,

however, indicates adsorption dependency [25].

60



1000

/ "
PN *_ 3 4 4
100 | g
—~ \ N2
©
o
NU)
=
S 10 "'@*—_"—:ﬁ co,
S G = g==F= =
3 BTSSR
-)a.) M
2 . ®
S 1
GE') n-CsH1o
o
Q
0.1 -
G
O™ o O
0.01
1 2 3

Feed Pressure (bar)

Figure 4.11 Permeances of single gases through oriented (Md) reon-
oriented M(6.5) membrane$,(¢: Hy; o, m: No; A, A: CO;; o, . n-CHy;
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Table 4.1 shows single gas permeances and idealigeies for the (hOh)-
oriented membrane M(1). The;ldnd N permeances decreased while,&0d
CH,4 permeances exhibited a maximum with increasingé&gature. The pin-
C4Hyo ideal selectivity was 478 at 25°C and 36 at 15Gh@se correspond to
90 and 7 times the Knudsen selectivity for thessega Since the kinetic
diameter of n-GH,o is closer to the dimensions of pore channels il Mpe

zeolite than that of &l low permeance for n4El;, and high H/n-C4;H,o ideal
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selectivity is expected for a defect-free membrarte n-GH;¢/i-C4H1o ideal
selectivity, however, is about 0.5 at 25°C andghg higher than one for
higher temperatures. Lovallo and Tsapatsis [82jbatied the low n-GH;i-
C4Hyo ideal selectivities and permeances to the c-diteorientation in which
both butanes need to follow a zig-zag path durirgggermeation by jumping
between the zeolite channels. Caro et al. [19] alseviewed that MFI
membranes with columnar structure fails to sepama@gH;o/i-C4H10 mixture.
They suggested that separation of these gas paweses] on shape selectivity
of MFI pores but n-¢H;p and i-GHjp, mainly transport along the grain
boundaries between the individual microcrystals die columnar

microstructure.

Table 4.1Single gas permeances through the (hOh)/c-orienedbrane M(1)

Permeance*18(mol/n’sPa) ldeal Selectivity

Temperature (°C)

CH4/ n-C4H10/

Hz N2 CO; CHs n-GiHio Han-CiHio | ol e

25 868.0 3.9 9.0 0.018 478 500 0.5
50 7.87.0 85 13.7 0.019 413 721 1.0
75 8.46.9 14.1 159 0.034 250 473 15
100 7.06.5 15.1 159 0.128 55 124 5.8
125 5.96.6 10.0 13.3 0.125 47 106 3.5
150 5343 44 9.5 0.147 36 65 2.7

The temperature dependence of the single componenineances of
membrane M (6.5) at 1 bar is presented in Figut@.4M(6.5) is a randomly
oriented membrane. At all temperaturesigithe fastest and the ngdd is the
slowest permeating molecule. Therefore this mengiaas very high pin-
C4sHio ideal selectivities, which are 480 and 2000 at 25l 100°C,
respectively. Permeances decreased with increéesmpgerature. Bakker et al.
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[69, 70] proposed a transport mechanism for theklyeadsorbing gases and
light hydrocarbons. According to this mechanismcsinthe increase in
temperature enhances the mobility of adsorbed speaitially permeation
increases with increasing temperature and thenedses so that permeances

pass through a maximum with increasing temperature.
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Figure 4.12 Permeances of single gases through non-oriente@.5)M
membrane(, ¢: Hy; 0, m: No; A, A: COy; 0, @: n-CyH1()

Further increase in temperature the permeance esaeh minimum and
increases again. At lower temperature, the adsodredunt in zeolite is
higher; the enhancement of the diffusivity by iraseg temperature is
dominant. At a certain temperature enhancemeniffolst/ity and reduction of

the number of adsorbed molecule by increasing temty® become equal. In
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the studied temperature range here from 25°C to°Q0the effect of a
decrease in adsorbing molecules with temperaturethen permeance is
dominant. So it can be the expected result to obsenly decreasing part in
permeances with increasing temperature. Howekier,proposed mechanism
does not take the effect of defect into accourtie iumber and size of defects
in a membrane may change in each synthesis evernwias carried out under
the same conditions. Therefore Coronas et al. §ag§pested that the transport
mechanism through a membrane may change dependitfieadefect density

and consequently synthesis method.

4.1.5 Synthesis of MFI films on nonporous glass with difrent soda

concentrations

The MFI films were also prepared on nonporous gtaggports from synthesis
mixtures with soda amount of 1, 3 and 6.5 mol/n@&ch. Figure 4.13 shows
the XRD results of powder and films on porous sded®\l,O; and seeded
nonporous glass support synthesized with 1 molsoda contentln Section
4.1.2, it was shown that no zeolites formed in ltkiék mixture but oriented
MFI film was obtained on the-Al,O3 surface when the synthesis mixture
contained 1 mole of soda. Interestingly randomtierded MFI film was
obtained on the glass surface when the synthesmumicontained 1 mole of
soda. It should be noted that the product formedh& bulk during the

synthesis both on the alumina and on the glasassfwas also amorphous.

Apparently the presence of a surface plays cruoia in the crystal growth
and film formation process. The support can bewscgoof precursor materials
(e.g., Si or Na from glass support or Al from alamsupport, etc.) which can
significantly alter the local synthesis chemistrytbe surface and consequently
affect the formation of the crystals. The surfateicture of the support has

also been shown to influence orientation of thdieblm. Wang and Yan
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Figure 4.13 XRD patterns of the powder (a); glass (b); alumiclasurfaces.
(Seeded surface, 1.0 Mx25SiQ:6.9TPABr:1136HO T= 150°C t=24h)

[62] observed that continuous zeolite flms aldaed on stainless steel
support while no crystals formed in the bulk phadeen OH/Si was higher

than 0.64 or lower than 0.2. They also suggestattkie presence of a support
surface play an important role in the film formatioBesides the seed crystals
deposited onto the surface prior to hydrotherma&atiment may cause

crystallization on the surface. However, MFI filmgere also obtained on
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unseeded glass surfaces, indicating that presdrecsupport is more effective

than seeding for the zeolite formation.

Figure 4.14 shows the XRD patterns of films on seedjlass surfaces
synthesized with different moles of soda. The istignof MFI peaks obtained
from 1.0 and 3.0 moles of soda are higher thandh&t5 moles of soda. This
result also indicates that high soda concentratiothe batch cause a much
higher proportion of the silica to remain in thekowhich may suppress the
zeolite formation on the surface. Besides smalbams of MFI crystals may
accumulate on the glass surface, which may befgntly dissolved at high

concentrations of soda.

Figure 4.15 shows the photographs of the MFI fisysthesized on unseeded
and seeded glass surfaces. Seeding of the gldasesiwere done by vacuum
seeding with 1 um size MFI crystals. The differermween seeded and
unseeded surfaces can be clearly seen; the swfasmeded glass was fully
covered by a MFI film although uncoated regions lbarseen on the unseeded
glass. The MFI films were also inspected by SENgyFe 4.16), which

showed that the crystals were placed separateth@nnseeded surface while

they formed a dense and intergrown layer on thdexksurface.

Figure 4.17 shows the photographs of MFI films Bgstzed with 1.0, 3.0 and
6.5 moles of soda on seeded supports. The disicgurias completely opaque
when 1 mol of soda/mole batch was used for syrdh€m the other hand, the
disk surface was almost transparent when 6.5 maoofa/mole batch was
used. The surface SEM images of these samplesr@y8) also show that
the whole surface fully covered with MFI crystatslad and 3.0 moles of soda
whereas the some parts on the surface of glassBatimoles of soda seems

like uncoated.
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Figure 4.14XRD patterns of the MFI layers on glass surfageshsesized with
different amounts of soda in the batch. x=6.5 @) (b); 1.0 (c) (x

N&0O:25SiQ:6.9TPABr:1136HO  T=150°C t=24h)
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Apparently the degree of coating increases witlreeing concentrations of
soda in the synthesis mixture. The surfaces wertedowith twinned and
coffin shaped crystals at all soda contents. Tlystal size was about 40 um
when the soda concentration in the synthesis solwtias 1.0, and it decreased
to about 10 um as the soda concentration increfasedl1.0 to 6.5. The cross
section SEM images of the glasses in Figure 4.dRate that the thickness of
the films decreases from about 90 um to 20 um aR swncentration
increased from 1.0 to 6.5 moles in the synthesishbaAs a reminder the
crystal size was about 10 um and 5 pumoefl O3 surfaces when the soda
concentration was 1.0 and 6.5, respectively. Also ftim thicknesses om-
Al, O3 surfaces decreased from 17 um to 10 um as sodeemtation
increased from 1.0 to 6.5 moles in the synthesishbapparently the crystal
sizes and film thicknesses on glass supports ah roigger than those of
Al,O3; surfaces. These results also strongly point loat the different support
surfaces affect the local synthesis chemistry an ghrface differently and

change the crystal morphology.

Figure 4.15 Photographs of zeolite films synthesized with
1.0Na0:25SiQ:6.9TPABr:1136HO molar batch on unseeded (a) and seeded
(b) glass surfaces
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Figure 4.16 Surface SEM images of the zeolite films synthesizeith
1.0N&0:25SiQ:6.9TPABr:1136HO molar batch on unseeded (a) and seeded
(b) glass surfaces

Figure 4.17 Photographs of zeolite films synthesized with ©¥=@a); 3.0 (b);
6.5 (c) moles of soda on seeded glass surfaces
(x N&0O:25SiQ:6.9TPABIr:1136HO0)
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Figure 4.18Surface SEM images of the films synthesized wathbj x=1.0, (c,
d) x=3.0, (e, f) x=6.5 moles of soda on seededsglasfaces
(x N&0:25SiQ:6.9TPABr:1136HO0)
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Figure 4.19Cross section SEM images of the films synthesizitl (a) x=1.0,
(b) x=3.0, (c) x=6.5 moles of soda on seeded glagaces
(x N&0:25SiQ:6.9TPABr:1136HO0)
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4.2 Synthesis of MFI type zeolite membranes and powdeavith

different template concentrations of crystallization solution

In this part, MFI type zeolites were synthesizednfrclear solutions with
different tetrapropylammonium hydroxide (TPAOH) bromide (TPABr)
concentrations in autoclaves. Both powder and mangbrsyntheses were
done. Membranes were synthesized on seeded conaieréil,Os; disc
supports. Seeding of the supports was done withr3bGsized seed crystals
and by both dip-coating and vacuum seeding metBwodaller crystals and
consequently a thinner layer were expected by usilegr solutions and
increasing the template and hydroxyl ion conceiuinat

Table 4.2 summarizes the synthesis conditions &Rd,'/SiO, and OH/SIO,

ratios of the synthesis solutions. Here the symhesth only TPAOH is
denoted as Set 1, and the syntheses with TPABIT&AROH mixture were
denoted as Set 2 and 3.

Table 4.2 Synthesis conditions for the powders and membraniisdifferent
batch compositions (T: TPA; S:SION: N&O; H: H,O) The silica source is
LUDOX AS-30

Batch Composition Temperature

Template Source TPA'/SIO, OHI/SIO,

T:S:N:H (°C)
5:80:0:1500 TPAOH 95 0.063 0.063
Set 1 9:80:0:1500 TPAOH 95 0.113 0.113
16:80:0:1500 TPAOH 95 0.20 0.20
30:80:0:1500 TPAOH 95 0.375 0.375
22:80:21:3600 TPABr 150 0.275 0.525
Set2  22:80:21:3600 TPABr+TPAOH 150 0.275 0.663
22:80:21:3600 TPAOH 150 0.275 0.80
16:80:10:2500 TPABr 150 0.20 0.25
Set3 16:80:10:2500 TPABr+TPAOH 150 0.20 0.35
16:80:10:2500 TPAOH 150 0.20 0.45
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4.2.1 Synthesis of membranes on alumina supports with ddrent
amounts of TPAOH as template

Figure 4.20 shows the XRD patterns of the powdems aembranes
synthesized using a molar batch composition of @8TPAOH.1500HO
where x was 5, 9, 16 and 30 at 95 °C with LUDOX 2(5as the silica source
(Set 1 in Table 4.2). The powders and membranesaicoonly MFI type
zeolite crystals. The intensities of MFI peakshe XRD patterns of powders
synthesized with 16 and 30 moles of TPAOH are nppomounced than those
with 5 and 9 moles of TPAOH (Figure 4.20a). The dowtensity may be the
result of either the existence of the amorphousgha the powder or the low
product yield in powder synthesis. But if there v@asorphous phase a stronger
background reflection would be expected. The otkason may be the low
product yield in powder synthesis. The product amieuas insufficient so that
the reflections from the amorphous substrate usedRD analysis increases
background radiation. On the other hand for the brames (Figure 4.20b) the
intensity of MFI peaks decreases as TPAOH conceémtrancreases. This
indicates that MFI crystals covered the surfacalltoncentrations but the
amount of zeolite crystals forming the layer atthifPAOH concentrations is
less than that of at low TPAOH concentrations.
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Figure 4.20 XRD patterns of the powders remained from memlzgag and
membranes (b) synthesized with different amount§®AOH in the batch
(80SiQ:XTPAOH:1500HO T=95°C t=72h)

Figure 4.21 shows the intensity fraction and tlaetional weight change of the
membranes synthesized with different amounts of @AAnN the batch. The
intensity fraction was calculated from Equation 48d fractional weight
change was calculated from Equation 4.1 in Secfidn2. In the intensity
fraction calculation, the MFI peaks at 23°, 24° @d4db° Bragg angles together
with the alumina peak at 3Bragg angle from the XRD patterns were used.

(|23° * 24 +l 24.5 )MFI (45

|41+ ()
23 24 24.5 1 MR 35 / alumina

Intensity fraction= (

where, | is the intensity
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Both intensity fraction and fractional weight chang@f the membranes
decreased with increasing TPAOH concentrations ynthesis solution,
suggesting that the amount of MFI decreases onathmina surface with
increasing amount of TPAOH. High amount of TPAOidides high amount
of TPA" and OHions to the medium. These Oidns increase the solubility of
silica so that yield decreases regardless of thle anount of TPAions. Thus

thinner membranes are expected to obtain from TPACHHsolutions.
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Figure 4.21 The intensity fraction and fractional weight changf the
membranes synthesized with different amounts of @HAIn the batch
(80SIOxXTPAOH:1500H0 T=95°C t=72h)

Figure 4.22 shows the surface and cross sectiogeamaf the membranes
synthesized with different TPAOH concentrations.inTrand continuous
membranes were observed from all compositions. Zdéwdite layers forming

the membranes consist of well intergrown crystas TPAOH concentrations
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increased from 5 to 30 moles both the crystal armthe membrane thickness
decreased. The membranes had thicknesses of 2 @andwhen the synthesis
mixture contained 5 and 30 moles of template, retspy. Grain boundaries
cannot be seen on the surface image of membrane frad solution with 30

moles of template because of very small size ditely.

The membranes were characterized by single gaseagions before and after
calcining the membranes. Measuring gas permeatisuslly N permeances,
through uncalcined membranes is a commonly emplayeitiod to determine
the continuity of the zeolite layer forming the maame [3, 7]. Since all MFI
pores were plugged with template molecules befaler@tion, the membrane
is expected to be impermeable tg iNthe zeolite layer is continuous and free
of large nonzeolitic pores that cannot be blockgddmplate molecules. All
membranes, which were only dried at“@and 24 h, were impermeable te N
before calcination with a feed pressure of 2 badicating that no large

nonzeolitic pores exist on the membrane surface.
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Figure 4.22 Surface (a, c, e, g) and cross section (b, d) £EM images of
membranes synthesized with different amounts of @HAn the batch x=5 (a,
b); x=9 (c, d); x=16 (e, f); x=30 (g, h) 80SI®TPAOH:1500HO T=95°C
t=72h
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Table 4.3 shows the single gas permeances and siddedttivities of the
membranes after calcination at 480for 15 h. The membrane synthesized
with 5 moles of TPAOH concentration has the highesin-CsH;o ideal
selectivity which is about 2000 at 200°C. When wepared the membranes
synthesized with 5, 16 and 30 moles of TPAOH itseen that n-gHio
permeances increase with increasing TPAOH condentravhile n-GH;¢/i-
C4Hyo ideal selectivities decrease. Increasing permeage® be expected

because membrane thickness decreases with inaqgeEBAOH concentration.

Table 4.3 Single gas permeances through the membranes siz#tiewith
different amounts of TPAOH in the batch (8080 PAOH:1500HO at 95°C
for 72h)

T Permeance (moI/?sPa) Ideal Selectivity
emperature

(o]

) (*F(i?) rz*%)l%o Hi/ n-CHyo  N-CyH1o i-CaHyo
5 25 6.65 0.04 1759 -

200 7.98 0.02 2111 -
9 25 9.54 29.7 3.2 5.0

200 - 614.0 - 13.5
16 25 0.38 0.18 21 1.23

200 - 1.37 - 10.7
30 25 29.7 52.3 5.68 1.01

200 - 94.3 - 1.71

4.2.2 Synthesis of membranes on alumina supports using HOH and

TPABr as mixed template

During the synthesis of Set 1 type of membranes,ctincentrations of both
hydroxyl (OH) and template (TPA ion changed when the amount of TPAOH
was changed. In order to observe the effect ofrdyyd ion concentration
only, the syntheses were carried out from solutiomstaining a mixture of
TPABr and TPAOH. Thus concentration of TRAn in the synthesis solution
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remained constant although the concentrations ofdHd Br changed. Two
sets of solutions containing 22 and 16 moles of TPé 80 moles of Si©
were prepared (Set 2 and Set 3 in Table 4.2, réspBbg.

Figure 4.23 and 4.24 shows the XRD patterns ofpthweders and membranes

synthesized with different synthesis solutions aomhg a mixture of TPABr

and TPAOH in Sets 2 and 3. All powders and memlzrdraee only MFI type
zeolite crystals. These figures show that the M&adkpintensities in powder
and on membrane are higher for the samples sym#tesrom the solution
containing only TPABr than those from the solutmntaining only TPAOH
or mixture of TPABr and TPAOH.
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Figure 4.23 XRD patterns of the powders and membranes symzesvith
different synthesis solutions containing a mixtafd PABr and TPAOH.
0-22(TPAOH-TPABI):80Si@21Na0:3600H0 at 150°C for 24 h.
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The surface and cross section images of the membranSets 2 and 3 are
given in Figure 4.25 and Figure 4.26, respectivéllf. membranes have a
continuous zeolite layer with a uniform thicknegke size of crystals forming
the membranes synthesized with only TPAOH and GR/ABr in Set 2 were
about 2 and 5 um, respectively. Higher alkaliniti@gor the nucleation of a
greater number of particles to form smaller crysés. The thickness of the
membranes synthesized with only TPAOH or TPABr wargm or 5 pm,
respectively. In set 3, however, the thicknesshef membranes synthesized
with only TPAOH and only TPABr are 15 and 19 um ethare much thicker
than those of Set 2. The thickness differencesein2Sand Set 3 are expected

because OHSIO; ratio in Set 2 is about two times greater thathat of Set 3.
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Figure 4.24 XRD patterns of the powders and membranes syméeswvith
different synthesis solutions containing a mixtafd PABr and TPAOH.
0-16(TPAOH-TPABI):80Si@10N&0:2500H0 at 150°C for 24 h.
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Figure 4.25 SEM images of the surface (a, ¢, €) and crossose(lt, d, f) of
the membrane synthesized with different synthedigtions containing TPABr
or TPAOH as template source; TPAOH (a, b), TPAOHABP(c, d), TPABr
(e, f) 22(TPAOH-TPABI):80Si@21N&0:3600H0 at 150°C for 24 h.
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Figure 4.26 SEM images of the surface (a, ¢, €) and crossose(it, d, f) of
the membrane synthesized with different synthesigtions containing TPABr
or TPAOH as template source; TPAOH (a, b), TPAOHABP(c, d), TPABr
(e, f). The synthesis was carried out at 150°C Zérh and the mixture
composition is16(TPAOH-TPABI):80S§10Ng0O:2500H0.
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The single gas permances through the membranes3)Sgnthesized with a
mixture of TPABr and TPAOH were measured at 25 a&@°C. Two
membranes were synthesized for each compositioorder to examine the
reproducibility of the membranes. All these memsawere impermeable to
N, before calcination which suggests that membrarmes dnly few defects.
Table 4.4 shows the n;B10 and i-GHjg single gas permeation results of the
membranes. These results imply that similar mendsahave different

permeances and ideal selectivities.

Table 4.4 Single gas permeances through the membranes siratiewith
different synthesis solutions containing TPABr &#AOH as template source;
16(TPAOH-TPABI):80Si@10N&0:2500H0 at 150°C for 24 h.

Mole Mole Temperature ~ Permeance (mol/rsPa)
Code -
TPAOH TPABr (°C) Nn-C4H1o i-C4H1p
(*10°) (*10°)
25 0.99 1.29
BS99 22 -
150 43.30 0.25
25 2.17 457
BS100 22 -
150 3.33 5.55
25 2.14 0.51
BS101 11 11
150 - 1.11
25 6.26 1.80
BS102 11 11
150 - 0.63
25 15.8 1.20
BS103 - 22
150 73.5 0.69
25 0.27 2.34
BS104 - 22
150 10.5 0.93
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One of the membranes (BS99) synthesized with TPAGHemplate source
has very low n-gHjp and i-GHjo fluxes comparing to the other membrane
(BS100). Membrane BS99 has nHzyi-C4Hyo ideal selectivity of 173 at
150°C indicating that this membrane is jHg selective whereas BS100
membrane BS100 is a iz810 selective membrane. Similar result was also
observed in other membranes which was synthesiaéd MPAOH+TPABr
(BS101-102) and TPABr (BS103-104). BS101 and BSi®& comparable n-
C4Hiopermeances but there is two order of magnituderdifice in between i-
C4Hio permeances. On the other hand BS103 is gHhdSelective membrane
and has n-gH;o/n-CsH;o selectivity of 13 and 107 at 25 and 150°C,
respectively while BS104 membrane has 4iHg/n-C4H1o selectivity of 0.11
and 11 at 25 and 150 °C, respectively. In this pathe study reproducibility
was the main problem with respect to gas permeafaally 20 membranes
were synthesized from solutions containing only TP\ or TPABr or a
mixture of TPAOH and TPABr, to determine the refroibility of synthesis
method. Some membranes synthesized from a partisolation showed high
n-C4H10/i-C4H1p selectivity although some of the membranes symbddrom
the same synthesis solution had a low selectivitye reproducibility of the

membranes should be improved.

4.2.3 Comments on the crystallization of MFI powder from solutions
containing different amounts of TPAOH and TPABr

In this study both directly synthesized powders powders remained from the
membrane synthesis were examined for the nucleatieriod, percent

conversion and patrticle size determination.

The samples taken from the synthesis solution iwdeo or membrane
synthesis at atmospheric pressure were centrifwgéda relative centrifugal
force of 640g (6000 rpm) for 30 minutes. The dnedducts were recovered
quantitatively for the determination of the produgeld and the percent

84



conversion of silica in the batch to MFI. The percerystallinity and
conversion calculations are given in detail in Apgie B.

In order to calculate the amount of pure MFI ie tiried product, relative
crystallinity of the samples was also taken in abs@tion. Relative
crystallinity of the samples was based on the tletesacteristic peaks of MFI
type zeolite at Bragg angles of 23°, 24° and 24/fHong all the samples
obtained, the one in which the sum of the diff@actintensities of these three
peaks was highest was assigned the reference @@ rystallinity and the
relative crystallinity of all other samples werdeatenined accordingly.

+1_ o+
|23° |24’ ! 248 )samp|e

e+,
23 24 24.8 Jreference

% Crystallinity= (I x100 (4.7

The extent of conversion of silica in the reactamiture into MFI was

expressed as

(yield of solid product in gram}(% relative CryStaIIinityJ

grams of reactant mixture of product

% conversiorr (4.8)

maximum yield in grams
grams of reactant mixtur

with maximum yield being defined as the quantityM¥#| if all the silica in the
starting reactant mixture was crystallized as pebahen the concentration of
silica, which is the limiting reactant, reachesozer the liquid phase [85, 86].
In the maximum yield definition, the amount of tdatp trapped in the MFI
structure was also included with the assumptiont thheone unit cell, there
exists 4 moles of tetrapropylammonium ions for \@§ moles of silica.
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After from the early stages of the synthesis weeoled that all samples that

can be recovered from the synthesis solution ware pnd highly crystalline

MFI. This is illustrated in Figure 4.27 with thelatve crystallinity versus

percent conversion data for the formation of ctiis& MFI from silica in the

starting batch (all sets in Table 4.2). The percemversion may also be called

as “yield based on silica” [24, 87]. This obsergatthat all products recovered

are crystalline is different from what is commonolyserved in the synthesis of

zeolites from gels. Generally a solid product igaoted starting from the

beginning of the synthesis and this product turasmfamorphous to crystalline

during the synthesis. The major difference betweem system and the

conventional systems mentioned is that our systess alear solutions.
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Figure 4.27 Scattering data on conversion of silica in batcMEI and relative
crystallinity for all MFI powders with all molar beh compositions reported in

this work
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All samples that can be recovered from the cleath®gis solutions contained
MFI as the only crystalline phase. The initiallgat solution for synthesis of
MFI is usually prepared by hydrolysis of silica imaqueous
tetrapropylammonium hydroxide solution. This saatconsists of silica in the
form of nanoparticles with composition and struetsmmilar to MFI crystals
[24]. Gora et al. [22] who used TEOS as silica seun the synthesis of self-
supported MFI membranes from clear solution alspomed a similar
observation that zeolites grew from the clear hoemogis solution and all the

solid product that formed from this clear solutwas crystalline zeolite.

The conversion curves obtained from batches witffergint TPAOH
concentrations and at 95°C synthesis temperature gigen in Figure 4.28.
For all compositions percent conversion increagean S-shaped curve. As
template amount increases from 5 moles to 30 npEe80 moles of Sigand
1500 moles of KD in the batch, the nucleation period decreasesn fmbout
100 h to 20 h and crystallization is completed liearHere nucleation period
was arbitrarily defined as time needed for the Td&aversion of the silica in
the batch to MFI. In the synthesis studies fromearcsolution [22, 47] it was
observed that crystals grow from subcolloidal ptet of size around 5 nm.
Since centrifugation conditions used in our stuslynot sufficient to recover
such small particles the percent conversion weraiodd as zero at the
beginning of the synthesis.

It is clear that higher template amount reduces theleation period
considerably. Similar results were observed by Cetaal. [17] who
investigated the role of the TPAons in the crystallization rate of MFI. They
concluded that the presence of TR&favoring the double-five rings that lead
to nucleation and crystal growth of MFI. Unlike thest of the synthesis
compositions where maximum conversion approach&®01he maximum

conversion is only about 72 % with the batch contmrsthat has the highest
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amount of TPAOH. This is probably due to the hadfalinity of the synthesis
medium in which a considerable part of the silicauld remain in the solution
phase rather than crystallizing as MFIl. Schoemaal.d#7] noted that at high
alkalinities the rate of crystal dissolution relatito the growth rate is expected
to be larger than at a lower alkalinity. As a résflthis fact the lower silica

conversion can be expected at high alkalinity insemuence of high TPAOH
concentration in the synthesis medium.

100

Conversion, %

0 50 100 150 200
Time, h

Figure 4.28Conversion of silica in batch to MFI for the powslevith different
batch compositions at atmospheric pressure and 455CSoT30H1s00 (©)
SeoT16H1500 (A) SeoToH1500 (0) SeoTsH1s00 (T: TPA; S:SiQ; H: H20)
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Figure 4.29 shows the percent conversion versussyadl TPAOH per mole of
SiO,. It was seen that conversion of silica in the batic MFI is passing
through a maximum with increasing template conegiwn. Similar results
were reported in the literature [24, 62, 89]. Ya@l. [24] explained the drop
in silica conversion with increase of TPAOH concatibn by the increase of
silica solubility in basic solution. On the othearld Wang and Yan [62]
speculated that at high TPAOH concentrations Idwasconversion is a result
of high alkalinity while at low TPAOH concentrationthe lack of TPA
molecules is responsible. Based on these obsengaiican be said that both
high and low TPAOH concentrations have the detriaegffect on nucleation

which is leading to lower the silica conversion.

Figure 4.30 shows the particle size distributiohp@nders synthesized with
different TPAOH concentrations (Set 1). Narrow jgéetsize distribution was
observed with 16 and 30 moles of TPAOH and broagarticle size
distribution was observed with 5 and 9 moles of TPAper 80 moles of SiO
The particle size analysis results also showed #mattemplate amount
increases, the median particle size decreases &&émum with 5 moles of
TPAOH per 80 moles of Sigxo 0.35 um with 30 moles of TPAOH per 80
moles of SiQ. This might be due to increase in the number aleiwat high

TPAOH concentrations.
The comparison of the crystal size from powder lsgsis and membrane

synthesis were given in Figure 4.31. The crystaksiin powder and on

membrane surface are very similar.
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Figure 4.29 Conversion of silica in batch to MFI as a functiohtemplate
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Figure 4.31 Crystal sizes of the powder and membranes symgswith
different amounts of TPAOH in the batch (808KX0PAOH:1500HO T=

95°C t=72h)
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Table 4.5 shows the crystallization results andigarsize of powder and
crystals on the membrane with different synthesigddions. As seen from this
table the nucleation period and time to reach 9@%he maximum conversion
level in Sets 2 and 3 at 150°C are very low conptoesets 1 at 95°C. Soda in
the reaction mixture appears to have structurectiirg effect and reduces the
nucleation period [62]. Table 4.5 also shows theral conversion rate which
is calculated as the ratio of difference betweefto 2hd 10% of maximum
conversion to difference between time to reacthtse conversion levels in
terms of percent conversion per hour. The ovemilversion rates in Set 3 are
higher than the others. Another observation is tl#tough the template
amount of Set 1 is comparable in the range of 18@0maximum conversion
in Set 2 is very low comparing to Set 1. Since @¢/SiO, ratio very high in
Set 2 it can be said that higher alkalinity gaverdp silica conversion and
higher concentration of silica remaining in theuldjphase. The results suggest
that hydroxyl ion concentrations consequently afiil has stronger influence
on conversion of the silica than TPAon concentration at this range of

concentrations.

Table 4.5 also shows that the size of MFI crystatsed in the bulk solution
and on the membrane surface are very similar. Ty suggest that the
alumina surface has little effect on the crystaésat these conditions although
it is known that alumina dissolved from surfaceoiporates into the growing
crystals to form ZSM-5 type zeolites [90]. On they hand the formation of
silicalite type zeolites is expected in the bulduson since the synthesis

mixture does not contain alumina.
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Table 4.5Crystallization results and patrticle size of powded crystals on the
membrane with different synthesis conditions (TATEB:SIO; N: N&O; H:

H.0). Crystallization temperatures and sources aftegds are shown in table
4.2.

Batch ; . . . Overall
composition ng;lfsgon (':\:I)i)\(/lé?;?n Particle size (um) th convetrsion
T:S:N:H (h) % Powder Membrane ) ((Q/ﬁ)
5:80:0:1500 100 72 35 2.4 170 0.9
Set 1 9:80:0:1500 50 99 2.2 2.3 130 11
16:80:0:1500 30 98 1.2 1.4 70 2.2
30:80:0:1500 20 65 0.35 - 60 1.5
22:80:21:3600 4 63 5 5 60 1.0
Set2 22:80:21:3600 <6 30 1 - 12 3.8
22:80:21:3600 5 22 <1 - 20 1.3
16:80:10:2500 <6 50 5 5 12 6.5
Set3 16:80:10:2500 <6 50 1-3 25 12 6.5
16:80:10:2500 <6 50 1 1.7 6 9

t': time to reach 90% of the maximum conversion level

4.3 Effect of mid synthesis addition of silica to the ythesis

medium on the properties of MFI type zeolite membraes

The quality of a zeolite membrane depends on tiiraaty and thickness of

the zeolite layer. A good zeolite layer is likely be thin and have no non-
zeolitic pores. Good quality membranes can be nbthby in-situ synthesis on
bare supports, yet consecutive syntheses are iofieted to obtain continuous
zeolite layers. Many researchers have suggestédyhthesis conditions such
as synthesis temperature, solution compositionsaeding the support surface
prior to synthesis influence the permeation andassn properties of the

membranes [19, 30, 31]. Seeding the support surfaeg improve the

membrane quality if seed layers with high coverageé uniform thickness can
be prepared. Many researchers have reported thee¢lglpacked seed layers
are essential to obtain continuous and defectrfrebranes [17, 54, 68]. Seed
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crystals with narrow size distribution are needegrepare closely packed seed

layers.

Several methods have been developed for seedintp upw such as dip
coating, vacuum seeding or rubbing. All these mashean be regarded as ex-
situ since they are applied to support surfacerbdfme synthesis of membrane
layer. The size and uniform distribution of seegstals strongly affects the
separation properties of the resulting membranesrldit7, 68]. It may,
however, be difficult to deposit seed crystals otite surface uniformly.
Xomeritakis et al. [17] observed that the absericelase packed seed layer

throughout the support can contribute to the dgoraknt of dome-like defects.

Li et al. [91] proposed to make MFI membranes bgnging the synthesis
temperature at a time during the crystallizatioalled as two-stage varying
temperature method. In this method, membrane egighbegins at a low
temperature to coat the surface with small crystatgl then temperature is
increased. A large number of nuclei formed on tngpsrt at low temperature
can rapidly grow at high temperature to yield taimd continuous membranes.
They concluded that compared with the constant ézatpre synthesis two-
stage varying temperature method is very effectime the preparation of
membranes of high quality due to the controlle@saif nuclei formation and
crystal growth by changing the synthesis tempeeat{®1]. This method can
also be named as in-situ seeding. In-situ seethngbe achieved by changing

the synthesis composition during the course oftalyzation.

In this part of the study, the composition of tgateesis solution was changed
during the hydrothermal treatment by adding silida the synthesis medium
so that the silica/TPAOH ratio of the solution wasreased. This ratio in the
batch composition influences the crystallizationerand crystal size, and
consequently thickness of the membranes. The ¢trgstavth rate can be
increased by increasing silica/TPAOH ratio of tbuson after formation of a
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large number of nuclei at low silica/TPAOH ratichél main aim was to coat
the support surface with a high number of smalll@iuat low silica/TPAOH
ratio and increase the growth rate of those crystay increasing the
silica/TPAOH ratio.

The membranes with mid-synthesis addition of siliexe synthesized in the
recirculating flow system operating at atmosphepiessure. Since the
crystallization temperature is low and the presssig@mospheric, silica can be
added into the synthesis solution and samples eamithdrawn from the
system without interrupting the crystallization gees. This is a major
advantage of low temperature synthesis in the fleygstem over the

conventional high temperature synthesis of zeoiitesitoclaves.

Since the synthesis medium and procedure are vephidicated, the
formulations of synthesis solutions were kept asp#e as possible. They
contain only silica, organic template and deionineder. Soda and alumina,
which have strong effect on nucleation and crygtawth, were not used in the

formulations.

4.3.1 Selection of the synthesis compositions

Submicron size silicalite crystals are often sysihed from concentrated clear
solutions as shown in Figure 4.32, because formatioa large number of

nuclei is desired. On the other hand, one of r@aches to make silicalite
membranes is to use very dilute solutions, whickldyia small number of

nuclei (Figure 4.32). The seeded support is piat ihe dilute solution so that
only seed crystals grow further without formatidmew generation of nuclei.

Since almost no new crystals form on the surfahe,membrane thickness will
be close to the thickness of seed layer which eacontrolled [66, 67].
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Figure 4.32Synthesis solution compositions used by otherarebers in the
literature

Table 4.6Synthesis solution compositions used in the terdagram

xSiO:yTPAOH:zH,0

Reference
X y z
Davis et al. [92] 5/20/100 9 8100
Fedeyko et al. [93] 40 9 9500
25 9 530
Kumar et al. [94] o5 3 480
Yang et al. [24] 25 3-13 480
Schoeman et al. [47] 25 9 480
Choi et al. [66] 40/60 9 9500
Gouzinis et al. [67] 40 9 9500
Engstrom et al. [79] 25 3 1500
0.5-9.5 1 96.4
Yan et al. [95] 6 1 525-1005
. 25 3 360
Li et al. [80] o5 9 505
Hedlund et al. [36] 25 3 1500
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In this study, those two approaches were combifgw synthesis started with
a concentrated solution (80SIB0TPAOH:1500HO0) to produce large number
of nuclei or crystallites on the support surfacig(Fe 4.32). The crystallization
of MFI takes place in the solution whose compositichanges with time
because of deposition of dissolved silica as zeaiiiclei or crystallite. The
liquid phase was then enriched with silica to aehidurther growth of

crystallites. For this purpose silica sol (gf&H,0) was used. The liquid
solution after silica addition should be sufficigndilute since we aimed that
only the present nuclei or crystallites grow withdormation of a new

generation of nuclei on the support surface analialshe bulk.

The composition of liquid at the time silica solssadded and how much silica
sol was added determined the final composition h&f liquid phase. The
former, which will be explained in detail in thextesection, depends on the
extent of crystallization. On the other hand theant of silica sol to be added
can be arbitrarily selected. Since both are anthiguwe decided to set the
overall composition of the system, including liquathd the particles, to
80SiG;:9TPAOH:1500HO0 after addition of silica sol.

The initial composition (80Si&BOTPAOH:1500H0) produces highly
crystalline silicalite powder with an average paetisize of 0.3 um and yield
of 78% after 72 h crystallization at @5 It is estimated that Dparticles/100

g silica form from this composition. The final coaosgition
(80SiG::9TPAOH:1500H0), on the other hand, produces highly crystalline
MFI powder with an average particle size of 2 urd gield of 100% after 144

h crystallization at . It is estimated that 1D particles/100 g silica form
from this composition. Apparently, the first ovérabmposition promotes

nucleation although the second one promotes crgstalth.
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4.3.2 Selection of the composition change times

The initial and final overall compositions were 80830TPAOH:1500H0O
and 80Si@9TPAOH:1500H0O, respectively. For 100 g synthesis solution
with 80SiGQ:30TPAOH:1500H0O overall composition, 73 g LUDOX AS-40
and 123 g deionized water were always added to ritekeverall composition
80SIQ:9TPAOH:1500H0O. However, the liquid composition after adding
silica sol depends on the composition at the tiilneasvas added. Because the

amount crystallized depends on time.

Figure 4.33 shows the conversion (4.33.a) and &ltizsttion (4.33.b) curves of
the initial composition to silicalite during the wder synthesis. These curves
were obtained without mid-synthesis addition oicail The nucleation takes
about 20 hours. After nucleation period, rateafversion during the crystal
growth is 1.5 %/h. The synthesis composition wlza@nged at 24, 48 and 72
hours after the beginning of the synthesis. Thiesest correspond to the initial
stage of the synthesis, time at 50 % conversioche time maximum
conversion reached and to synthesis completed. \Wiggnbrane synthesis was
considered, at short times, small number of padiclre likely to exist on the
membrane surface. Since the particle size willveey small, these are
expected to have a very active surface for furthewth. As the time
increased, more particles with a less active saréae expected to exist on the
support surface. Figure 4.33.c also shows the @ahgarticle size during the

synthesis.
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Figure 4.33(a) Conversion and (b) crystallization of silicaliatch to silicalite
for the powders synthesized with constant compmsiti of
80SiO:30TPAOH:1500HO at atmospheric pressure and 95°C; (c) the particl
size in synthesis mixture  with the molar  compositio
80Si0::30TPAOH:1500HO (e) and 80Si@9TPAOH:1500HO (A)
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Table 4.7 shows the composition of liquid phasera#4, 48 and 72 h of
crystallization. The composition is estimated gsithe conversion values
given in Figure 4.32 and assuming that one unltafetilicalite contains 87.6
wt % of SiQ and 12.4 wt % of TPAwhich corresponds to 4 moles of TPA
for every 96 moles of silica. It was also assunmteat ho water exists in the
silicalite pores.

The limiting reactant is silica so there existgéaqguantity of template although
silica was consumed significantly. Therefore ldjphase composition should
be adjusted by silica addition rather than template

Table 4.7Estimated liquid phase compositions of the synghesiution at
different synthesis times at 95°C and atmospheessure

Basis: 150 g synthesis solution
Initial amount of SiQin synthesis solution: 18.69 g
Initial amount of TPAOH in synthesis solution: 23J

Amount Remaining Remaining

Synthesis % of amount of  amount of Estimated
time C : silicalite SiG, in TPAIn liquid phase
onversion . . "
(h) formed synthesis synthesis  compositions
(9) solution (g) solution (g)
0 0 0 18.69 23.72 ST 30H1500
24 2.7 0.50 18.25 23.66 SyeTooH1500
48 47.6 8.90 10.90 22.61 Su3T26H1500
72 64.9 12.13 8.06 22.22 Sa1TosH1500

Figure 4.34 shows how the liquid phase composititanged during the course
of crystallization on the ternary diagram. ThehgaK, M and Y show that
silica sol was added to the medium after 24, 48%ht of synthesis. Besides
number (1) shows the beginning composition whicthes same for all paths.
Numbers (2) and (3) represent the compositionsreefnd after silica addition,
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respectively. Recall that we aimed only the pneseiclei to grow without
formation of a new generation of nuclei. The cosipons after addition of
silica were concentrated with respect to the corntipos used in the literature
to make membranes (Figure 4.32). Relatively comated compositions were
preferred since this is the first study in theratere applying the mid-synthesis
addition of silica during the membrane synthesis.

Finally number (4) shows the compositions at the @nthe synthesis. Number
(4) for all routes shows the compositions having Bomount of SiQ and TPA
and high amount of ¥© which indicates that high conversion of silicteaf

silica addition was obtained for all different comsfiion change times.

(1) t=0  (Beginning of the synthesis)
(2) t=t, (Before silica addition)
(3) t=t, (After silica addition)

(4) t=t, (End of the synthesis)

005 W T
3* {7 773}).7/ Vi y P ;
N 2% ,"l'\ i i AT
y VLT ATTeLT v N
il m / SN / S i v
0ge J \\ i \ \:/‘/ /( e PR ¥ i \t X \\/' 0.94
, > ”
;

% i
/
i FEAAY v TAT A ALY i e
N a7 \ i Fi ATATATATeYaS \{/ T \7£/ v \’.f \:”
0.07 XXX 77”%7 R v, RWi/}&iif A \,,,,,}_4 ror 77\%7777&7' X
! \ i \\ AgE iy 5 e i T e, 05
R / ; e, ey ) ’

<

Figure 4.34Solution compositions during the course of crystation with
mid synthesis addition of silica at different syegis times
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Table 4.8 shows the compositions used in ternaagrdm. The conversion
values in first and fourth column shows the siloomversion in the batch to
MFI before and after addition of silica, respediyv@ he maximum conversion
that can be reached in the case of constant cotigossynthesis with
80SiG:30TPAOH:1500H0O and 80Si@9TPAOH:1500HO was only 65 %
and 10 % in 72 h. However composition change dusynthesis gave almost

greater than 80 % zeolite conversion in 72 h.

Table 4.8Liquid phase compositions of the synthesis solutised in the
ternary diagram (T: TPA; S:SOH: H,0)

Initial composition: goT30H1500

% Compositions  Compositions % Compositions
Conversion before silica after silica Conversion at the end of the
before silica addition addition after silica synthesis

addition t=t; t=t; addition t=t,
0 (t=0) SeoT 30H1500 Ss0T 9H 1500 0 (=0) S0l oH 1500

2.7 (t=24) SigT 29H1500 SroToH1500 86 (,=24+72) Si7TeH1s00
47.6 (1=48) SasT 26H1500 SesT sH1500 76 (1=48+72) Sz0TeH1s00
64.9 (1=72) Ss1T25H1500 Se4TgH1500 81(,=72+72) Si6T6H1500

t1: composition change time
to: synthesis time after composition change

4.3.3 Characterization of the membranes

Membrane synthesis was started with two disc suppor two separate
membrane modules. After 28, 48 and 72 h one ofntbdule was removed
from the system and synthesis composition was athbyg adding silica sol to

the synthesis medium.

Total synthesis time was kept constant as 72 hngdutthe preparation of a
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group of membranes. Table 4.9 shows the syntipesieds for this group of
membranes as well as the membranes prepared withidegynthesis addition
of silica. For example, during the synthesis eimbrane BS121, composition
was changed after 24 h. The crystallization preeess then proceeded for 48

h more. Thus the total synthesis time was 72 h.

Table 4.9Synthesis conditions and properties of the memisrangpared with
composition change during the synthesis, synthesiperature: 95°C

Synthesis composition

Membrane Codes _ Total synthesis time (h)ftt,)
80SiO:xTPAOH:1500H0
BS122, 169 30 24
BS123, 165, 167, 173 30 48
BS115, 175 30 72
BS119 9 72

BS121 30> 9 24+48
BS124, 166, 168 389 48+24

t1: composition change time
to: synthesis time after composition change

Figure 4.35 shows the XRD patterns of the membraeésre silica addition
and after synthesis completed. No silicalite waseoled on the support
surface after 24 h of synthesis (Figure 4.35.afterAchange of composition
and extending the synthesis time for 48 h moreadile crystals formed on the
surface (Figure 4.35.b). When the membrane wathegized for 72 h without
addition of silica, the surface was again coateth silicalite crystals (Figure
4.35.c).
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Figure 4.35XRD patterns of the membranes before changingdhgosition
(a), after 48 h of crystallization following theroposition change (b), and after
72 h of crystallization without composition char(@g The patterns of
membranes BS-121 (a), BS-122 (b) and BS-175 (c).

Figure 4.36 shows the intensity and weight fractiohthe membranes. After
24 h and 48 h of synthesis almost nothing is dépdsin the surface. After
changing the composition at 48 h and extendin@foh more, the increase in
the weight fraction indicates that significant ambwf silicalite deposited.
The high intensity fraction shows that the reflestirom the alumina is weak,
indicating that silicalite particles formed a thitkyer. Both intensity and
weight fractions after 48+24 h are higher than ¢hobtained after 72 h of
synthesis without mid-synthesis addition of silicApparently mid-synthesis

addition of silica increases the extent of crysation.
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Figure 4.36Intensity and weight fractions of membranes pregavith and
without mid-synthesis addition of silica.

Figure 4.37 shows that the powder that was obtathethg the membrane
synthesis has monomodal particle size distributidren the synthesis was
carried out without mid-synthesis addition of slicOn the other hand, the
powder that was synthesized with the silica addiad 24 hours has a small
shoulder as shown with an arrow in Figure 4.37.sThihoulder can be
attributed to the further growth of crystals on thasting small crystals. No
shoulder was seen on the powder synthesized wéhsilica addition at 48
hours. This can be attributed to that addition&ln2is not sufficient for the

further growth of crystals.
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Figure 4.37 Particle size distributions of the powders remdiniom
membranes synthesized with constant compositionnaiddsynthesis addition
of silica at different synthesis times

The change of the crystal sizes as a functiontaf 8ynthesis time can be seen
in Figure 4.38. In this figure circular symbols reeused for the crystals
synthesized with the constant molar compositioni®@@S0TPAOH:1500HO.

It is seen that crystals in constant compositionttsgsis are growing in the
initial stages of the synthesis and reach to uliinvalue of 300 nm after 40 h.
After about 40 h crystallization the crystal sizad not changed so much.

Figure 4.38 also shows the change in crystal siges result of silica addition
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at 24 h, 48 h and 72 h and triangular symbols wsegl for those crystals. The
crystal sizes in experiments which silica was adated4 h after beginning of

the synthesis are 0.45 and 0.50 pm.

Figure 4.38 also shows that when we complete yim¢hesis in 24 h after

silica addition at 48 h, 0.22 um sized crystalsenabptained whereas 0.35 um
crystals formed if the synthesis was continued doradditional 72 h after

composition change at 48 h. This result pointstiat the synthesis should be
ended in a longer time after silica addition beeaasy/stals cannot complete
their growth in 24 h after silica addition.
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Figure 4.38The patrticle size in synthesis mixture with thelan@omposition
80Si0:30TPAOH:1500HO (e), 80SIQ:9TPAOH:1500H0O (m) and with
composition change during synthesis)(as a function of synthesis time

In another group of membranes, the synthesis tafter changing the
composition was kept constant for 72 h. Table 4shOws the synthesis

periods for this group of membranes. For examgleing the synthesis of
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membrane BS170, composition was changed after 24t crystallization
process was then proceeded for 72 h more. Thutthlesynthesis time was
96 h.

Table 4.10Synthesis conditions and properties of the memisranepared
with composition change during the synthesis

Synthesis composition Total synthesis
Membrane Codes _ _
80SiO:xTPAOH:1500HO time (h) (t+ty)
BS170, 178, 179 39 24+72
BS174, 177 36> 9 48+72
BS176 30> 9 72+72

t1: composition change time
to: synthesis time after composition change

Figure 4.39 shows the SEM micrographs of the men#gsurfaces and cross
sections before composition change at 24, 48 anld $yhthesis times. These
photographs show that the coating over the suguofaces gets denser as time
proceeds before composition change. That meanarigt stages of synthesis
like at 24 h, there are very little amount of cayston the support surface while
crystals start to form a layer after 48 h. At eatlgges of the synthesis crystal
formation is still continuing and crystals placegbarately on the support while
after 24 h, crystals start to form a continuougfayigure 4.40 and 4.41 show
the SEM photographs of the membrane surfaces aosk csections after
composition change at 24, 48 and 72 h synthesisstiAll membranes have
thin (1-2 pum) and continuous zeolite layer aftécaiaddition regardless of the
silica addition time. No individual crystals werbserved between membrane
layer and support indicates that all crystals fatrbefore composition change

contribute the layer formation after silica additio
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Figure 4.39Surface (a, c, e) and cross section (b, d, f) $adyes of the
membranes before silica addition (a, b) 24 h, Ye&lh, (e, f) 72 h
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Figure 4.40 Surface (a, c) and cross section (b, d) SEM imagfeshe
membranes after silica addition (a, b) 24+48 hd)el8+24 h

Midsynthesis addition of silica supplies extra rarit to the system and this
nutrient provides further growth of existing crystarhis can be regarded as
“in-situ seeding” method. Because before the cortiposchange formation of

crystals is provided over the support and aftersynthesis addition of silica

growth of these crystals and thus formation of aliteelayer is achieved. The
first part of this mechanism resembles to the sepdind as a whole to
secondary growth in the conventional zeolite memésynthesis.
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Figure 4.41 Surface (a, ¢, e) and cross section (b, d, f) S&siges of the
membranes after silica addition (a, b) 24+72 he)el8+72 h, (e, f) 72+72

4.3.3. Characterization of membranes by gas permeation mesarements

All membranes were impermeable tg before calcination after mid synthesis
addition of silica while these membranes have sdmdéuxes before silica
addition. Membranes are expected to have zerold&igre calcination if good

integrity was provided in membrane layer.
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The single gas permeances of the membranes syzgbesith either constant
or varying synthesis compositions are given in &abll1l. Here membrane
BS115 and BS119 were synthesized with 8QSQOIPAOH:1500HO and
80SiO:30TPAOH:1500HO constant molar  compositional  batchs,
respectively. For the synthesis of BS121 and BSd#Bnbranes synthesis
compositions was changed by adding silica at 2dchl24 h.

The n-GH;o permeances of BS119 and BS115 membranes at 10@&°C a
4.7x10" and 2.9x10 mol/n?sPa, respectively. Permeances increased with
increasing template amount. On the other hand B&h21BS125 membranes
have the n-GH1o permeances of 8xf0and 7.4x10d mol/n’sPa, respectively.
The n-GH1¢/n-C4H1p ideal selectivity of BS121 membrane is 47 whilelBS
and BS115 membranes 4 and 8 at 100°C, respectikéthyough membranes
synthesized with constant concentration have higloer comparable
permeances, the BS121 and BS125 membranes prepgredd synthesis
silica addition has higher ideal selectivity thdre tother membranes. Silica
addition during the synthesis increased the menebiuality significantly.
Apparently thin and continuous membranes that Hagé potential in the
separation of gas mixtures can be prepared by amgtige composition during

the synthesis.

Membranes synthesized with composition change fédreint synthesis times
were also tested for the ndo/CH,; and n-GH1o/N2 binary mixture separation
at 25°C and 100°C (Table 4.12). Among those menelrtire ones synthesized
with mid synthesis addition of silica at 24 h gaseproducibly higher n-
CsH1/CH,4 and n-GH1o/N, separation selectivities at 25 °C. The fH¢
permeances of BS170 and BS174 at 25°C are 72x@ 1.5x10
mol/nfsPa, respectively. The ndd/CH; and n-GH:J/N, separation
selectivities of BS170 membrane are 41 and 27 &€ 2fespectively. On the
other hand the n-+El;o/CH; separation selectivities of BS174 and BS176
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membranes are nearly 2.4 and 1.0, respectivelysd hesults indicate that the
mid synthesis addition of silica at early stagessghthesis improves the
membrane selectivity at the expense of reduced grmoe. The main idea of
mid synthesis addition of silica to the medium washange the growth rate of
the crystals after nucleation. Since crystals reachitimate size and crystal
growth almost ended after 48 h it is not possiblaftect on the crystal growth

of existing crystals by addition of further nutrien

Table 4.11Single gas permeances through the membranes sizath@ath
constant composition 80S}G0TPAOH:1500HO (BS115),
80SIO:9TPAOH:1500H0 (BS119) at 72 h and mid-synthesis addition of
silica at 24 h (BS121) and 124 h (BS125) at 95°C.

Membrane "o M N, G CiH. |deal Selectivity
25 335 266 139 3.2 4.3
BS1Ls 100 - - 29 348 8.3
25 8.14 476 182  1.39 13
85119 100 - - 488 114 4.1
25 0.67 0.17 0.07  0.014 5.0
sstal 100 08 0.017 - 47
25 253 229 209  0.025 84
83125 100 - - 744 031 25

To sum up attempts to synthesize MFI membranes wither
80SiG:30TPAOH:1500HO or 80SiQ:9TPAOH:1500HO molar batch
compositions without addition of silica also gawentnuous MFI layer with
respect to SEM images but those membranes havelawryn-CH1o/i-C4H10
separation selectivities compared to membranesisgizied with midsynthesis

addition of silica. This results point out that m@ane quality can be increased
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by composition change during synthesis. Those tesl$o indicate that the
time at which the silica is introduced to the swsis medium is critical for the

membrane quality.

Table 4.12Gas permeances and separation selectivities ohémebranes
synthesized with mid synthesis addition of silie®650/%50 n-¢H;¢/CH;and
n-C4H1o/N2 binary mixtures

Permeancex10(mol/nfsPa) Separation
Membrane t;+t; Te”‘(gce:;ature selectivity
CH, n-CHio  n-GH1o/CHy
BS170 244722 4'2"10180 1.1x10° 273
100 1.9x10 7.7x108 4.4
BS178 24472 25 4.7x10" 1.2x10° 26.1
100 3.8x10 8.2x10° 2.1
BS179 24472 25 8.4x10" 1.8x10° 21.3
100 1.1x10 5.1x10° 4.4
BS124  48+24 25 5.7x1¢ 1.1x10° 1.9
100 4.1x1¢ 9.9x10° 2.4
BS166 48+24 25 >10° >10° Not Select?ve
100 >10° >10° Not selective
BS168 48424 25 1.1x1C° 4.1x10° 1.5
100 _ - -
BS174 48472 25 6.2x10° 1.5x10’ 2.4
100 ] ] -
BS177 48472 25 3.2x10 1.3x10’ 2.1
100 ] ] -
BS176 72472 >10° >10°  Not selective
100 >10 >10° Not selective

ty: composition change time
to: synthesis time after composition change
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4.4 Separation of binary and ternary gas mixtures by MK

type zeolite membranes synthesized in a flow system

Zeolite membranes are characterized by separatigasoor liquid mixtures to
improve the membrane synthesis procedures accotdititge requirements of
the separation process visualized. Thin MFI memdgsanombining high
permeability with high selectivity are desired fonumber of applications such
as pervaporation, gas separation and membraneoredétd, 19, 49]. In this
part of the study MFI type membranes were syntleesat 95°C on tubular-
alumina supports in a recirculating flow system ameere characterized by
separating equimolar binary mixtures of gHg/i-C4H10, N-CyH1o/CHg4, N-
C4H1o/CO,, n-GH1¢/N2, and ternary mixture of COCH,4 and n-GHjobetween
25 and 200°C. The synthesis conditions of the mamds that were used for

separating gas and liquid mixtures are shown ilerai 3.

Table 4.13Synthesis method, number of synthesis steps anmqkhheances
before calcination for the MFI membranes

N, Permeances before calcination
Synthesis  Number of (mol/n’sPa)

Membrane method synthesis steps _ _ _
After first synthesis After second synthesis

F1 Flow 1 <10? -

F2 Flow 2 <10? <10%
F3 Flow 2 10 <10™
F4 Flow 2 10 <10%
B1 Batch 1 <10° -

B2 Batch 2 16 <10%
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4.4.1 Membrane preparation and characterization with XRD and SEM

The synthesis system composed of a membrane modulkich the alumina
support was placed and a reservoir with a refluxdemser for the synthesis
solution. The synthesis solution was pumped beatviee pieces, which were
connected to each other by silicon tubing. Therempparatus was a closed
system operating at atmospheric pressure withoyt input of reactants.
However, the membrane module by itself was an gystem, through which
the synthesis solution was flown steadily. Therefthe membranes were
synthesized in a semi-batch system. Synthesis aed out at 95°C, which
was lower than the temperatures commonly appliedytihesize MFI type
membranes in the literature [15-18]. Low tempeamatsynthesis may yield

smaller crystals and thinner membranes.

The membranes F3 and B2, which were synthesizedeimecirculating flow
and the batch systems, respectively, were brokeiXRD analysis and SEM
characterization. MFI was the only crystalline ghagown on the alumina
supports and in the residual powder remained #ftesynthesis of membranes
(Figure 4.42) [40, 96].

MFI type crystals completely covered the surfacestaswn from the surface
SEM images (Figure 4.43a and d). The shape ared dfizhe crystals can
barely be recognized because of intensive intertfro@specially in membrane
F3. The membrane F3 has a smoother surface tbameémbrane B2 because
MFI crystals formed in the bulk solution can be piMay the stream during the
crystallization in the recirculating flow systemn@he other hand MFI crystals
may settle from the bulk solution onto the membrauoeface during the

synthesis in the batch system.
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Figure 4.42. XRD patterns of the surfaces of membranes F3B#dand of
the residual powder obtained from membrane syrghesithe flow system,

arrows show the MFI peaks
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Figure 4.43 The cross-section and surface SEM micrographmerhbranes
F3 (a) surface, (b) cross section from glazed geytcross section on porous
alumina and B2 (d) surface, (e) cross section fgtemed part, (f) cross section
on porous alumina. Membranes B2 and F3 were sy#tewiith two synthesis
steps in batch and recirculating flow systems, eespely.

The MFI layers on the glazed parts and on the mopauts of the alumina tube
were shown part in Figures 4.43b/c and 4.43e/paetsvely. Both membranes
have continuous MFI layers with reasonably unifdaimtknesses along the

support. The MFI layers can be identified moreadieon the glazed parts.
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The layers measured from the glazed parts are sippaitely 2 pm-thick on
both type of membranes. No orientation of constitucrystals was observed

owing to the flow of synthesis solution.

4.42 Gas permeation through membranes synthesized in the
recirculating flow and batch system

The N, permeance through dried membranes was measurect lwafcination.
Only impermeable membranes were used for separgonesses. If the
uncalcined membrane had, [dermeability after the first synthesis, a second
synthesis was carried out to plug the non-zeolpiores. Membranes
impermeable to Nwere calcined at 450°C for 12 h in air with a hegatate of
0.6°C/min. Before each permeation experiment, mamds were again
calcined at 25T for 4h.

Figure 4.44 shows the single gas permeances thrdiffiginent membranes at
200°C. The single-gas permeances of N,, CO,, CHs, Nn-GH1o and i-GH1g
were measured since these gases have often begnausbaracterize MFI
membranes [3, 4, 15, 16, 40]. All membranes regasdlof the synthesis
method exhibited similar trends of decreasing &ingas permeances with
increasing kinetic diameter, but Gldermeated faster than ¢@nd N and n-
C4H10 permeated faster thamNSimilar results were also observed in other
studies [15, 97, 98]. i-fH;io permeances were the lowest since the kinetic
diameter of i-GH1o is similar to the pore size of MFI type zeolitbdembranes
prepared with two consecutive syntheses had lovem@ances than the
membranes synthesized with a single synthesis &iegxample, the n-{E,
permeance through membrane F1 was 5 times assfés¢ a-GH,o permeance
through membrane F2. The permeances may decreaaesieeof plugging of
the non-zeolitic pores [99] or increasing the meanbr thickness by

consecutive synthesis steps [3].

119



No significant difference was observed betweenthingknesses of membranes
synthesized as single layer [29] and as two layers the SEM images,
suggesting that permeances decreased because wireseaynthesis mainly

blocked the non-zeolitic pores in the membranerlaye

=
o

< CH

= (Bl)/Zﬁ?\ o
© C ~
% 8 N\ SO /
£ |
>
E 6 ¢
o I
Py
8 4
c
c L
(]
E o |
(D)
o L

0

0.25 0.30 0.35 0.40 0.45 0.50

Kinetic Diameter (nm)

Figure 4.44Single gas permeances at 200°C as a function efikidiameter

The n-/i-GHyo ideal selectivities also increased with the consee synthesis.
The n-/i-GH3 ideal selectivities at 200°C for membranes F2,aR8 F4 are
131, 180 and 139, respectively while 9 for membrabe The n-/i-GH1, ideal
selectivities for B1 and B2 membranes are abowdrisD12, respectively which
are lower than those of flow system. The idealdslgies for membranes F2,
F3 and F4 were 13-18 times higher than the qualitgria proposed based on
the permeation rates of,d;o isomers through MFI membranes in the literature
[3, 4, 16, 38].
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Figure 4.45 shows the n;8,0 and i-GH;opermeances as pure component and
in the mixture. i-GH1p permeates slower as a single gas or in a binaryuneix
In mixture n-GH1p molecules blocked the membrane pores and hinder th

passage of the i4El;omolecules.
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Figure 4.45n-C4H;0 permeances as pure component and in 50%-50% mixtur
and n-GHip /i-C4H1p separation selectivities as a function of tempeeator
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F2 membrane. Solid lines: Single gas permeanceshddalines: Mixture
permeances.
Since n-GHyp and i-GHjo have similar heats of adsorption in MFI [100] i-

C4H10 permeance is less affected from the pore blockdgéhe n-GHig
molecules which gives the smaller pHzy/i-C4H1o Separation selectivities at

all temperatures.

The single gas permeances and ideal selectivifiéisese gases may indicate
good membrane quality, but ideal gas selectivibiten do not correlate with
separation selectivities [10, 16, 19]. Figure 4.dlbows the single gas
permeances of CH CO,, N, and n-GHj;o and the permeances of each
component in a 50%-50% binary mixture. As expettedCQ, CH; and N
permeances decreased continuously, thoughHd¢Jermeances exhibited a
maximum with increasing temperature [15, 98, 701]10 With increasing
temperature, diffusivity increases but coverage reBses, therefore a
maximum in permeances is observed during the peiomeaf strongly
adsorbed n-gH;0. This maximum is likely to be observed at mucivdo
temperatures for weakly adsorbed species likg, @, and N [15, 70, 25].
Therefore a continuous decrease was observed irpgh@eances of these
species through membrane F2 in the temperature rstngied [9, 101].

In the temperature range studied ££BO, and N permeances in the presence
of n-C4Hio were smaller than the corresponding single gas@ances. The
lower permeances were due to the inhibition bysH+G which is adsorbed
more strongly than CKH CO, and N on MFI crystals [19, 25, 98, 100]. The
inhibition was more effective at low temperatures that the mixture
permeances of CHCO, and N are about three orders of magnitude smaller
than the single gas permeances. For instancesitigee gas and mixture ;N
permeances are 1.26x10mol/m’sPa and 5.11x18 mol/m’sPa at 2%,
respectively. As the temperature increased, timglesigas and mixture
permeances approached each other because thegmweéna-GH,o decreases

and it allows the passage of other gases [10, 9J6,0n the other hand the n-
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C4H10 permeances were not significantly affected bypresence of the other
molecules [3, 10, 16].
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Figure 4.46 N,, CO,, CHy and n-GHjo permeances through membrane F2 as
single gas and in 50%-50% binary mixtures as ationof temperaturex

Ny; ®: CO,; ¢: CHy A n-C4H;0). Solid lines show single gas permeances,and
dashed lines show the permeances in the mixtures
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Figure 4.47 shows separation selectivities in eglambinary mixtures and the
ideal selectivities of the membrane F2 as a functibtemperature. Over the
entire temperature range studied, the separaticiorawere greater than the
ideal selectivities. The n480 over N, CO, and CH separation selectivities
are 86, 26 and 38 at room temperature whereasita selectivities of those
gas pairs are significantly lower than one. A &mtrend was also observed
by other researchers [3, 10, 16], who attributesl lehavior to the preferential
adsorption of n- ¢H;p and to the prohibiting of other gases from the iteol
pores. The separation factors and ideal seleesyihowever, approach to each
other with increasing temperature [3, 10, 16, 102).the case of i-§H1o/CH,
and i-GH1¢/N2 mixtures, no separation selectivity was observeuickvwere
about 3.0 and 1.0 at all temperatures, respectivdlizte coverage of i-El1pis
lower than that of n-Hio in MFI type crystals though both have similar
adsorption strength [103]. Therefore jHzo may not block the MFI pores as
effective as n-gH0[40, 98] so that lower separation factors can KHainbkd in
the presence of i4El;o. The ideal selectivities for permanent gases over
CsHio were significantly greater than one and almostepshdent of

temperature.

Figure 4.48 shows the effect of nH;o concentration in the feed on the n-
C4H10/CH,4 separation selectivity. The ndd,o/CH, separation selectivities
were 22, 47 and 67 for nz81o concentrations of 20%, 30% and 50% at 100°C,
respectively; indicating that nz8, effectively blocked the CHeven at low
concentrations of n-Elo in the feed. The non-zeolitic pores much larpant
the MFI pores in the membrane are likely to redilnee separation selectivity
since n-GH1o cannot block these pores effectively [104-106]papntly no
large non-zeolitic pores exist on the membrane gexp in the recirculating
flow system. The size of small non-zeolitic poneay be reduced because of
swelling of MFI crystals by n-gHio adsorption as proposed by Lee et al.[107]

which may also contribute to the separation seliygti
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Figure 4.47 Ideal selectivities and separation for 50%-50% torx as a
function of temperature for F2 membrane (a) sitgover CH, CQ, and N
and (b) i-GHio over CH and N. Solid lines: Separation selectivities, Dashed

lines: Ideal selectivities
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4.4.3 Separation of ternary gas mixtures with a good quatly membrane

In this work, MFI membranes prepared in a flow egstvere also used for the
separation of ternary gas mixture at different terafures and pressures. A gas
mixture with a molar composition of 70% GH0% CQ and 10% n-GHjo

was used as feed.

Table 4.14 shows the ns8,0 and CH permeances and ndd;o/CH,, n-
C4H1o/CO, separation selectivities of the membrane F2. Aghm case of

binary gas mixtures, membrane is selective tald;Eover CH and CQ.

Table 4.14The permeances and nHGo, CH,permeate compositions for the
ternary gas mixture separation at 1.9 bar feedspreqMixture composition:
CHgs: 70%; CQ: 20%; n-GH1010%)

Temperature Mixture permeance*10 (mol/nfsPa) Separation selectivity
(°C)
n-CGHio CH, CG, n-GHi/CH, n-GH./CO,
20 0.21 0.006 0.011 34.4 19.4
100 1.36 0.051 0.088 26.9 155
200 2.08 0.643 0.647 3.2 3.2

Competitive adsorption and blockage of zeolite ceds are the governing
mechanisms in permeation. Thus fHg permeates faster than ¢ENdCO;

in the mixtures. The n4El;0/CH, selectivity decreases from about 34 to 27
and then to 3 with increasing temperature from rdemperature to 100°C,
and finally to 200°C. A similar trend was also eh®d for CQ. As
temperature increases, the surface coverage gHay@nd thus its permeances
decreases. In addition the blocking effect of si{g decreases at elevated
temperatures so that the mobility of £ihd CQ increases. As a result, the

separation selectivities decrease with increagngperature.
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CHAPTER 5

CONCLUSIONS

In the first part of this study the effect of sadancentration on the membrane
morphology and crystal orientation was investigateldmbranes and films
were synthesized over porousAl,O3 supports and nonporous glass supports.

The following conclusions were drawn from this part

e Thin layers of oriented MFI zeolites were succed$sfsynthesized on
seeded macroporous Al,0O3 discs.

e Seeding of the support contributes the orientatbrrystals forming
the membrane layer.

« At low soda concentrations the membranes were (tf@hjented, at
high soda concentrations membrane layer formed framdomly
oriented crystals.

* The degree of preferred orientation passes thra@aughaximum with
increasing soda content.

At 1 mole NaO/mole batch content (hOh)/c-oriented and randomly
oriented films were observed on alumina and glaspparts,
respectively, where amorphous phase was obtaindgtleirbulk. The
presence of a surface plays crucial role in thetalygrowth and film
formation process. Different surfaces strongly @fféhe crystal
morphology.

e The membranes showed high,/iCsHyp and CH/n-CsHyo ideal

selectivities indicating the preparation of gooadligy membranes.

In the second part our objective was to investiglhgeeffects of template and

hydroxyl ion concentration on the crystallizaticate and crystal size of the
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MFI powders and membranes. The following conclusiarere drawn from

this part:

* All samples that can be recovered from the synshesiution with
different compositions were pure and highly crystal MFI. Thin and
continuous membranes were observed from all cortiposi

* The nucleation time decreases and crystallizatooompleted earlier
as the template amount is increased in batch catigpodor both
systems containing TPAOH or TPABr at different $wdis
temperatures.

 The silica conversion passes through a maximum WiBPAOH
concentration in agreement with the literature.

* As template amount increases the particle sizeedses in both the

powder and membrane synthesis.

In the third part, the composition of the synthesidution was changed by
adding silica to the synthesis solution during toeirse of crystallization so
that the silica/TPAOH ratio of the solution was remsed. The following

conclusions were drawn from this part:

* All membranes and remaining powders synthesizel mitd synthesis
addition of silica have MFI type crystals as wedl those synthesized
with constant composition.

* Mid synthesis addition of silica allows the crysggbwth on existing

crystals without the formation of new crystals.

» Silica addition during the synthesis increased riiembrane quality
significantly. Apparently thin and continuous memanes that have
high potential in the separation of gas mixtures ba prepared by

changing the composition during the synthesis.
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Among the membranes the ones synthesized with midhasis
addition of silica at 24 h gave reproducibly higne€,H1¢/CH4 and n-
C4H10/N2 separation selectivities at 25 °C.

Membrane quality can be increased by compositioangl during
synthesis. The time at which the silica is introgtlido the synthesis

medium is critical for the membrane quality.

In the last part of the study the main purpose twaeparate binary and ternary

gas mixtures. Tubular membranes were synthesized tacirculating flow

system and used in the separation of equimolalrpimaxtures of n-GH,/i-
C4H1o, Nn-CH1o/CHy4, N-GH1/CO,, N-GH1o/N2 and ternary mixture of CO
CH; and n-GHjo between 25 and 200°C. The following conclusionsewer

drawn from this part:

Thin membranes were synthesized in a flow systeeravthe synthesis
solution was recirculated through the membrane auipp

Membranes prepared with two consecutive synthesas llower
permeances but higher n-/ild;o ideal selectivities than the membranes
synthesized with a single synthesis step.

Membranes showed reasonable separation performandegh binay
and ternary gas separation. They were able to aeparGHio from
CH, even at low n-gH;p concentrations in the feed. The separation is
based on competitive adsorption between permeatoigcules.
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CHAPTER 6

RECOMMENDATIONS

In this study MFI type membranes were synthesizadl éharacterized. The
main aim was to investigate the effects of someth®gis parameters on
membrane morphology and quality and also to usgadlod quality membranes

in gas mixture separations.

In addition to what has been done in this studggsations on further work to

be done are as follows:

e It was observed that support surface plays cruoia for the crystal
growth, crystal orientation and film formation pess in synthesis at
different soda concentrations. Synthesis shoulditee on different
support surfaces other than glass and alumina.lettaces should be
used to prevent any leaching from the support wialtar the local

synthesis chemistry on the surface.

« Mid synthesis addition of silica should be appltedglass support. It
would be simpler to monitor the crystal morphol@md crystal growth

on the glass surfaces.

« Mid synthesis addition of nutrient should be apgplte other types of
zeolite membrane synthesis. In that case accortbnghe growth
limiting nutrient sodium or aluminium can be addedthe synthesis

medium during the course of the crystallization.
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Since the synthesis conditions in the flow systeensettled well now,
flow system synthesis should be applied to differesupport

geometries, such as multi channel tubes or momsolith

Separation of ternary gas mixtures with differeas gompositions and
at different feed pressures should be performedh wibular

membranes.
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APPENDIX A

SAMPLE CALCULATION OF SYNTHESIS RECIPE
FROM A BATCH COMPOSITION

A sample calculation for amounts of reagents topg@re 100 g synthesis
solution for a molar batch composition of 25%89TPABr:6.5Ng0:
1136H0 is given below. LUDOX AS-30 (Aldrich) as silicamwce, TPABr
(TPABr powder, pure, Merck), NaOH pellets (97 wt%a®H, 2 wt% water,
Merck) as soda source and deionized water (DI Wwatere used.

Table A. 1Molecular weights of reactants

Reactant| Molecular Weight (g/gmole)
SiO, 60.09
TPABr 266.27
NaOH 40.08
NaO 60.09
H,O 18.016

Molar composition of the batch: 6.5N&O: 25SiQ:6.9TPABr:1136H0O
Formula weight of the batch:

6.5%61.99 + 25x60.09 + 6.9%266.27 + 1£38.016 = 24208.62 g/gmc
Silica source:Ludox AS-30

Template Source:TPABr (Ci2H2gBrN)

Sodium source:N&O

Na,O + H,0 - 2NaOH
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Basis: 100g batch
Calculation of amounts of raw materials requiregrepare the batch:
- Amount of NaOH:

1molbatch 6.5mol Na,O N 2mol NaOH

100 g batch x
24208 622 batch  Imol batch Inol Na,O

N 40.08¢ NaOH
1 mol NaOH

= 2.15 g NaOH

-Ludox AS-30:

100 g batchx 1 mol batch 25 mol SiQ  60.09 g S|g)
24208.62 g batch 1 mol batch 1 mol SiC

1009 LUdox AS-30_ , 55 ¢ | |idox AS-30
309 SiQ

-TPABT:

100 g batchx 1 mol batch 6.9 mol TPABr60.09 g SiQ
24208.62 g batch 1 mol TPABr 1 mol SiO

=7.59 g TPABr

- H.0:

100 g batchx 1 mol batch X1136 molH O 18.016 gH O_ 84.54 g H

24208.62 g batch” 1 molbatch” 1moJH O

148



1 .5x18.01
100 g batchx—L_ 10! batch (1.088x6.5x18.01p

=0.53 g H O from Na(
24208.62 g batch 1 mol batch

20.68 g Ludox AS-30x— 09 %O

= 14.48 g,H O fromdlax AS-3(
100 g Ludox AS-30

My 0,needed = 84.54g-(0.53 g+ 14.48g) = 69%81,0

Amount of reagents were calculated as in Table A.2

Table A. 2Amount of reagents for 100 g batch preparation

Reactant Amount (g)
Ludox AS-30 20.68

TPABr 7.59
NaOH 2.15
H.O 69.53

Throughout this study different reactants were uasdsilica and template
sources in the synthesis of zeolite powder and lonenes: 30 or 40 wt%
colloidal suspension of silica particles in watetJDOX AS-30 or LUDOX
AS-40, Aldrich) as silica sources, tetrapropylammon hydroxide (TPAOH,
25 or 40 wt% in water, Merck) or tetrapropylammanilbromide (TPABr
powder, pure, Merck) as template sources, NaORetse(O7 wt% NaOH, 2
wt% water, Merck) as soda source and deionizedr{@levater).

Amount of reagents used for the preparation of Ifp(batch with all

compositions used in this study are listed in T#&boR
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Table A. 3Amount of reagents calculated for 100 g batch flor@npositions used in this study

REAGENTS
BATCH
coMposIiTION| Ludox | Ludex | NaOH | IM NaOH | TPABr | 1M TPABr | 25% TPAOH | 40% TPACH | Deionized
AS-30 | AS-40 | pellets | solution | powder | solution solution solution water
BasTeoHize 21.035 - - 28.985 49,9581
MonsBasTeeHims | 21.032 - 0415 28981 49572
Mo s3asTeeHims | 21.027 - 1.260 28.973 48.751
MoasBasTeoHime | 21.021 - 2.098 28.964 45.0238
Mpw3asTeeHims | 21.015 - 2517 28.962 47525
MazsZasTaeHims | 21.016 - 2.937 28.958 47.114
MoaS2sTe o1z | 21.013 - 3.358 28.954 46.705
Mos3asTeeHime | 21.008 - 4.194 28.946 45890
MosSasTeeHnm | 21.002 - 5032 28.939 45.072
MogsBasTeoHime | 20.593 - 5452 28.934 44,6683
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Table A.3.cont’d. Amount of reagents calculated for 100 g batchafbcompositions used in this study

REAGENTS
EBEATCH
COMPORITION | Ludox | Ludox | NaOH | 1M NaOH | TPABr | 1M TPABr | 25% TPAOH | 40% TPAOH | Deionized

AS-30 | AS-40 | pellets | solution | powder | solution solution solution water
MogsSasTeoHims | 20.554 - 6.250 28.928 43.845
MogsSasTeoHims | 20.588 - 7131 28.921 43.025
Min32sTsoHuze | 20.580 - 8.381 28.909 41.806
Min32sTsoHuze | 20.580 0.341 TE98 - 71102
M1132sTsoHuze | 20575 - 9.215 28.902 40.992
Mia532sTeoHims | 20.967 - 10,487 28.891 38771
Mias32sTeoHims | 20.5961 - 11.302 28.883 38.956
Mys325TsoHypzs | 200553 - 12.552 28.872 XA
Mygs825TeoHims | 20.540 - 14,633 28.853 35707
MygsSasTeoHims | 20.534 - 15469 28.846 34.892
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Table A.3.cont. Amount of reagents calculated for 100 g batchafbcompositions used in this study

REAGENTS
BATCH
COMPOSITION | Ludex | Ludox | NaOH | 1M NaOH | TPABr | 1M TPABr | 25% TPAOH | 40% TPAOH | Deionized

AS-30 | AS-40 | pellets | solution | powder | solution solution solution water
MapBasTeoHnzs | 20.953 16.741 28.835 33.a77
My sBasTeoHuzs | 20.926 20.596 28.835 28,553
Mz o825 TeoHnzs | 20.872 25.008 28.760 25588
Mz o825 TeoHnz | 20.872 1.023 7667 70621
Ms 5825 T oHuzs | 20.845 27971 28743 21.558
My o825 T oHnzs | 20.818 33.258 28.575 5546
Msod2sTeoHnz | 20,762 1.650 7623 69,951
Ms 5825 T oHuzs | 20.738 45555 28.891 3977
Mg 5825 T oHnzs | 20.685 2.15 759 69.531
My 0825 TsHeon 28.932 11.554 28,888 30748
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Table A.3.cont’d. Amount of reagents calculated for 100 g batchafbcompositions used in this study

REAGENTS
BATCH
COMPOSITION | Ludox | Ludox | NaOH | 1M NaOH | TPABr | 1M TPABY | 25% TPAOH | 40% TPAOH | Deionized

ASR-30 | AS-40 | pellets | solution | powder solution solution solution water
M1 0525 TsHam 29,196 11.662 14,578 7411 37.261
M1 0525 TsHano 28 467 11765 14,958 435912
M3 0325 TsHano 28.731 1.40 764 63.23
M3z 0325 TsHano 28.991 1.42 385 1177 53,96
M3 0325 TsHamo 28.250 1.43 2376 4566
M3 p325 TsHann 28725 34415 28682 8511
M3z 0325 TsHepo 28.987 34.733 14.472 7.358 14791
M3 0525 TsHamn 29253 35.052 14,851 21.188
SanTsHisze 47838 7589 44.573
SenTsHisze 35878 7589 56.523




121"

Table A.3.cont’d. Amount of reagents calculated for 100 g batchafbcompositions used in this study

REAGENTS
BATCH
COMPOSITION | Ludox | Ludox | NaOH | IM NaOH | TPABr | 1M TPABr | 25% TPAOH | 40% TPAOH | Deionized

AS-30 | AS-40 | pellets | solution | powder | solution solution solution water
ek e 46,703 - - - 13,337 35.9a0
En Pl by > 35028 - - - 13,337 516348
s by 44 343 - - - 227765 32.392
SenT1sH15m > 33632 - - - 227765 43.603
s by 41.534 - - - 39.535 15932
- 31,150 - - - 39.535 28315

Ben TaoHass




APPENDIX B

SAMPLE CALCULATION FOR MAXIMUM YIELD AND
PERCENT CONVERSION

Composition: 80SiQ:30TPAOH:1536H0O
100 g basis:
41.53 g Ludox AS-30
39.54 g TPAOH (40 wt % in water)
18.93 g Deionized water

In 100 g synthesis solution:

30 g SiQ
100 g Ludox AS-3

41.53 g Ludox AS-30E< J= 12.46 g SO

1 mole SiQ

12.46 g SiQ {60 09 g SI0

j = 0.207 mole SiO

In one unit cell of silicalite-1, there exist 4 raslof SiQ and 96 moles of
TPAOH

0.207 mole S0 E4 mole TPAOHJ E 203.4 g TPAO

. ;T= 1.75 g TPAOH
96 mole SiQ 1 mole TPAO

For 100 g synthesis solution the maximum yield t@at be obtained is:

12.46 g SiQ + 1.759g TPAOH 14.21 g silited1

So, the maximum yield 14.21 %.
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Sample calculation for percent crystallinity and caversion:

For BSt 105 sample

Yield of solid product in 100 g product solutiorf:.10 g

Before percent conversion calculation we need koutate percent crystallinity
by using XRD pattern of BSt105 sample which is give Figure B1.

3500

3000

2500+

2000

Intensity

1500

1000

500 A

0

15 17 19 21 23 25 27 29
Bragg Angle

Figure B. 1 XRD pattern of BSt105 powder sample
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+1__+
|23J | 24 I 248 )sample

et )
23 24 24.8 Jreference

x100

% Crystallinity= (I

where, |= intensity

% Crystallinity= %(;x 106G 83 %

Then percent conversion can be calculated as:

yield of solid product in gramg % relative crystallinity
grams of reactant mixture of product

% conversiorE

maximum yield in gram
grams of reactant mixtu

(11.10 g](83)

% conversior=
1421¢g
100 g
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APPENDIX C

PREPARATION OF HOME MADE AIO; DISKS

a-Al,O3 powder (Riedel de Haen), sodium silicate solutistearic acid and
ethanol solution was used for the preparation ahdanade alumina disc
supports. 10 g of ADs; powder mixed with 1.3 ml sodium silicate solutidn3

ml sodium silicate was added drop by drop that rediast part of the solution
was added, mixed with powder until all the sampied] then other part of

solution was added and the same steps were followed

For the lubrication of molding steraic acid solativas used. Approximately
20-30 ml of ethanol solution was added to 0.1 gtehric acid to get stearic

acid solution.

0.8 g of prepared AD; powder mixture was put into the lubricated molding
and approximately 20000 Ib load was applied onittopll discs were sintered
at 1200°C for 22h.

Pore size distribution of alumina disc with surfacea and pore volume

obtained from mercury porosimetry is shown in FegGr.1.
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Figure C.1Pore size distribution of alumina disc with surfacea (a) and pore
volume (b) obtained from mercury porosimetry
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APPENDIX D

SAMPLE CALCULATION FOR SINGLE GAS
PERMEANCE AND IDEAL SELECTIVITY

For the single gas permeation experiments congt@ssure variable volume
method was used. In this method the pressure & daeside was kept constant
at 1.9 bar absolute while the permeate side wasnawspheric pressure (0.91
bar). The permeate side flow rate was measuredubigle flow meter. For the
permeance calculation steady state flow rate valmese used. Table D.1
includes the data required for single gas permeealceilation.

Table D.1 Single gas permeation experiment data for memb&®&25 at
100°C

Gases n-gH1o i-CaH10
Volume change (ml) 2.0 1.0
Time interval (s) 59s 69.1s
Effective membrane area {jn 1.77x10° 1.77x10°
Pressure difference (Pa) 1.04510 1.05x10°

Flow rate=u = 2 mi W AL - 3.3x10 L/s
5.98 s 1000

Assuming the permeating gas to be ideal, molar fiae was calculated as;
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UxP
Number of mole permeatedh :( )
RxT

3.3x10" L/gx( 1.04x10
= ( X S)x( - P)a: 1.40x10 mol/s
(8314.34 L.Pa/mol Kx( 298 K

Permeance through the membrane is calculated as:

Permeance P = "
Anembranex A P

_ (1.40x105 moI/s)

— 7 P
ey = (1.77x10" i) x( 1.04x16Pa) 740" mol /it sPe

Similarly i-C4H;10 permeance is calculated as:

P =3.10x10% mol /nt sP«:

i-C4H10

Ideal selectivity is defined as:

Ideal Selectivity=a il

_[7-44x10'mol nTsPa) _ ,
O ey Hygfi-C iy = 3.10x10°mol /n?sPal
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APPENDIX E

CALIBRATION OF MASS FLOW CONTROLLERS

In binary and ternary gas mixture separation expenis the feed mixture
compositions were adjusted by using mass flow oflets. Three mass
flow controllers were used throughout the study ealtbrated for n-GH;,
I-C4H10, and CH. Figure E.1, E.2, and E.3 show the calibratiorvesirof

mass flow controllers for these gases.

600

MFC Reading

0 20 40 60 80 100 120 140

Flow Rate (ml/min)

Figure E. 1Calibration of the mass flow controller for i@
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500

MFC Reading

0 20 40 60 80 100 120

Flow Rate (ml/min)

Figure E. 2 Calibration of the mass flow controller for ifd;o

400
y =1.13x

MFC Reading

0 50 100 150 200 250 300

Flow Rate (ml/min)

Figure E. 3Calibration of the mass flow controller for GH
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APPENDIX F

CALIBRATION OF GAS CHROMOTOGRAPH

In the binary and ternary gas mixture separatigmegrients prior to sample
analysis, GC calibration was done fog, NCH;, CO,, n-CHio and i-GHso

gases. Calibration curves were obtained by reldtiegchromatographic peak
area to the partial pressures of each gas unded fiperating conditions of
GC. The amount of each gas in the binary and tgrgas mixtures was
determined from these calibration curves. The @lib@tion curves for each

gas are shown in Figure F.1-F.5.

30

25 - y = 2.13E-05x
R’ = 9.97E-01

20 -

15 A

10

N, Partial Pressure (psia)

0.0E+00 2.0E+05 4.0E+05 6.0E+05 8.0E+05 1.0E+06 1.2E+@&+06

Peak Area

Figure F. 1 Gas chromatograph calibration fog N
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Figure F. 2 Gas chromatograph calibration for €H

y = 1.80E-05x
R? = 9.99E-01

CO, Partial Pressure (psia)

0.0E+00 5.0E+05 1.0E+06 1.5E+06 2.0E+06 2.5E+06
Peak Area

Figure F. 3Gas chromatograph calibration for €O
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30 -
y = 1.09E-05x

251 R’ = 9.99E-01

20 -
15 A
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n-C,H;, Partial Pressure (psia)

0.0E+00 5.0E+05 1.0E+06 1.5E+06 2.0E+06 2.5E+06
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Figure F. 4 Gas chromatograph calibration for nHzo

y = 1.10E-05x
R? = 1.00E+00
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i-C4H,, Partial Pressure (psia)
()]

o

Peak Area

Figure F. 5Gas chromatograph calibration for i,
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APPENDIX G

SAMPLE CALCULATION FOR THE DETERMINATION OF
GAS COMPOSITIONS IN GAS MIXTURES

As mentioned in experimental part (Section 3.4) fimed, permeate and
retentate gas mixture compositions were calculdigdusing the GC
calibration curves and GC outputs. A sample of GMpuwt is shown in
Figure G1. GC analyses the retentate side gas raixitthe first 4 minutes
and after that permeate side is analyzed. Thedeak corresponds to GH
and second peak corresponds toshHg The retention times for CHand

n-C4Hypare 0.261 min and 2.423 min, respectively.

GF A g g b
T B [osterdata\3500 44733 nn :
¥ I
CH, RETENTATE : PERMEATE
200 :
|
|
|
|
|
|
160 i
|
2 |
o |
£ |
|
100 |
| cH,
- n-C,H,g
[
n-CyHyp [ g
50 - | ©
g |
o |
|
|
04 7
e & A A FOUY i A X & [

] -
i b 5 1 5 Minutes i s iy

Figure G. 1 Sample GC output for permate and retentate str@dmis utput
belongs to membrane BS170)
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From the GC output and calibration curves the patemand retentate side
compositions can be calculated as follows:

(Area of n-G H, )x( 1.09x10)
[ (Area of n-G H, )x( 1.09x10) +(  Area of Ciix(  2.56xE)]

y“‘CA Ho —

B (Area of CH, )x( 2.56x10)
Yo, = [ (Area of n-G H, )x( 1.09x10) +(  Area of Chjx( 2.56xT)]

where

Ynch,: Permeate composn of n-G H,
Yen, - Permeate composition of GH

Sample calculation of permeate composition throongimbrane BS170 is

as follows:
(986938)X( 1.09X16)
Vo =0.116
aHio [(986938)x( 1.09X16)+( 53998( 2'56X—f9)]
(53996))(( 2.56X1ﬁ) =0.884

You = [(986938)x( 1.09x10) +( 53998( 2.56x%))|

The feed and retentate side compositions can alsaloulated similarly.
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APPENDIX H

SAMPLE CALCULATION FOR THE DETERMINATION OF
PERMEANCES AND SEPARATION SELECTIVITIES OF
BINARY GAS MIXTURES

For the permeance calculation;

PA:L and J,= P X Y, X AV
AP RX TX '%'lembrane A t

transmembrane

where;

J, : Flux of A component
P.: Atmospheric pressure, atm

T: Temperature, K

A embrane MEMbrane surface area, m2

Y. Mole fraction of A in permeate side

% : Total flow rate in permeate side

AP ; Transmembrane pressure difference, Pa

transmembrane
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AP,

transmembrane

feed _ permeate) __ retentate permegte
(PA I:)A ) ( I:)A I:)A 7

feed _ p permeate
I:)A I:)A

In ( pretentate_
A

P permeat;
A

P,L: partial pressure of component A inde@ermeate or retentate s

After calculating the permeances of the compon#msseparation selectivity

can be calculated as:

. - P
Separation selectivity o, ; = (—Aj

F)B

Sample calculation for membrane BS170:

Table H.1 Feed, retentate and permeate compositions in bin@xgure
separation with BS170 membrane

Flowrate | Pressure  Mole fractions Partial pressures
Stream )
(mi/min) | (atm) | CH; | n-GHipo| CHs | n-CHio
FEED 39.63 1.88 0.46 0.54 0.87 1.02
PERMEATE| 0.25 0.90 0.12 0.88 0.10 0.79
RETENTATE 39.47 1.88 0.47 0.53 0.88 1.01
T: 298K

A oo L.77x10" nt
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n-C,H,, flux in the permeate

3 _ 0.90 atm
&Moo (0,082 L.atm/mol.Kx (298 ¥ (1.7 Iftn? )

x 0.88( 0.25 ml/max( 1L jx(lm'”j: 7.69x10° molirf s
100aml ) | 66

Similarly CH, flux in the permeate side is calculated as

3 _ 0.90 atm
M (0.082 L.atm/mol.Kx (298 ¥ (1.7 Ibm? )

x 0.1%( 0.25m|/m0x( 1L )x(lmmj: 1.01x10  mofs
100ami ) {665

The transmembrane pressure differences are:

(1.02-0.79)-( 1.01-0.79
AF%ransmembran,e ALH = (1_02 -0,79)

1.01-0.79

1Pa

=0.215 atmx (—
0.9869x10

J: 21810 F
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_(0.87-0.10)-( 0.88-0.10
AI:ﬁran:smembran,e CH™ 0.87-0.10

1Pa

=0.771 atnx (—
0.9869x10

) = 78110 F

The permeances of n;8,0 and CH are calculated as;

7.69x10* mol/nts
= =3.53x10°® I/m?sPe
n~Cabho 21810Pa movm's

4
P, =1.010 mOI/mZS:1.29x109 mol/m?sP¢
4 78110Pa

and the separation selectivity of nkGo over CH,is,

8
Separation selectivity o, ¢ ,, i, = (3'53(10 mol/ni st: 27.3

1.29%x10° mol/m sP
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APPENDIX |

SAMPLE CALCULATION FOR THE DETERMINATION OF
PERMEANCES AND SEPARATION SELECTIVITIES OF
TERNARY GAS MIXTURES

For the calculation of separation selectivity imntgy gas mixture same
procedure as binary mixture separation can bevieith but in ternary mixtures

the transmembrane pressure difference is calcutstdollows:

feed _ p permeate retentate permedate
(Bi=e- pyemes) o, ey )

ransmembrane 2

AR

P,L: partial pressure of component A inde@ermeate or retentate s

Sample calculation for membrane F2:

Table 1.1 Feed, retentate and permeate compositions in termaxture
separation with BS170 membrane

FlowratéPressure Mole fractions Partial pressures
(ml/mln (atm) CH, | CO, n-C4H10 CH, CO, n—C4H10
FEED 40.24 1.90| 0.6 0.190.13 | 1279 | 0.368 | 0.250
PERMEATE| 0.08 090 | 054 0.21 0.26 | 0481 | 0.188 | 0.229
RETENTATE 40.16 1.90| 0.69 0.190.12 | 1303 | 0.364 | 0.230

Stream

T: 298K and  A.pae - 26 1Onf
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n-C,H,, flux in the permeate

3 _ 0.90 atm
S (0.082 L.atm/mol.Kx (298 ¥ (5% I6n? )

x 0.26( 0.08 mI/mD‘x( 1L jx(lm'”j: 2.40x16° mol/m s
100aml )\ 66

Similarly CH, flux in the permeate side is calculated as

3 _ 0.90 atm
M (0.082 L.atm/mol.Kx (298 ¥ (5% I6n? )

x 0.54( 0.08 mI/mD‘x( 1L )x(lm'”j: 5.04xt0 mofls
100ami ) (605

The transmembrane pressure differences are:

_(0.250-0.229) +( 0.230-0.229

AI:gransmembran,en-CA Ho — 2
= 0.011 a«b 1Pa J:1136 Pe
0.9869x10atm
_(1.279-0.481) +( 1.303-0.481
AI:zransmembran,eCHll - 2

= 081 awa 1 Pa j: 2@00 Pz
0.9869x1CFatm
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The permeances of n;8;0 and CH are calculated as;

5
AP 2.40x10° mol/ 5= 3.78x10° mol/m?sPz
470 82090Pa

5
= 5.04x10° mol/ nt 5= 6.14x10™ mol/m?sPz
4 1136Pa

and the separation selectivity of nkGo over CH,is,

Separation selectivity o, ¢, iy, =

3.78x10° mol/m sPa _
=34.4
6.14x10™ mol/m sP
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APPENDIX J

CALCULATION OF AMOUNT OF SILICA ADDED
DURING CRYSTALLIZATION

Initial molar composition of the batch : 80SiQ:30TPAOH:1536H0O

Silica source:Ludox AS-30
Template Source:TPAOH (40 wt %)

Formula weight of the batch:
(80%60.09) + (30%x203.37) + (1536%18.0¥638581 g/gmol

Before silica addition in 100 g batch
Ludox AS-30 =31.15¢g

TPAOH (40 wt %) =39.53 g

H,O =29.32 g

After silica addition of the batch : 80SiG:9TPAOH:xHO

Since the silica source is Ludox AS-30 some wai#iimroduce to the

synthesis medium

After “y” g silica addition the batch will be (109¥g
Ludox AS-30 = (31.15+y) g

TPAOH (40 wt %) =39.53 g

H,O =29.32¢g
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Formula weight of batch after silica addition
(80x60.09) + (9%x203.37) + (x)x18.0166637.5+18.016x) g/gmo

-Ludox AS-30:

(100+y) g batchx 1 mol batch 80 mol SiQ  60.09 g SiD
(6637.5+18.016x) g batch 1 mol batch 1 r8aD,

><100 g Ludox AS-30
40 g SiQ

= (31.15+y) g Ludox AS-30

“TPAOH:

(100+y) g batchx 1 mol batch 9 mol TPAOL
(6637.53+18.016x) g batch 1 mol batc

N 203.37 9 TPAOH>< 100_ 39.53 g TPABY
1 mol TPAOH 40

4807.2 _ 31.15 vy
1830.33  39.53

y =72.68 g Ludox AS-40 must be add
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LIST OF SYNTHESIZED MEMBRANES

APPENDIX K

Table K. 1 List of synthesized membranes at different synthesnditions

Membrane Synthe§_is Silica and TS%?Qfastijre Time | Synthesis
Code Composition | template source (°C) (h) Method
S | Mot | SRR | am | e | Ve
S [ NosTotn| VBEST[is0 | 2| e
oy | Mt | T | a0 | o | et
o | Mt | AT | a0 | o | et
S [ sToton | CBEST [ is0 | 2| e
B | Nt | | 150 | 20| et
BSB4 | SoTuchhsss | L qon >0 95 72 | Sgeded
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Table Kl1-cont'd. List of synthesized membranes at different synshes
conditions

Membrane Synthe_s_is Silica and TS%?QE;EE Time | Synthesis
Code Composition | template source (°C) (h) Method
S| e | OST || | e
S | Mo | RS | | o | e
00 | e | ST || o | el
S | e || w0 | o0 | e
S0 | e | OO |y | o | el
S | e | S| o | o | Vet
S0 | st | IS | iy | | et
S50 | st | DS | i | | S
SO0 | st | GOS0 | |
S | e | S| s | | S
S0 | s | VRSP | w0 | | e
S0 | st | PSS
BS109 $oTsH1s36 L“$‘F’,XAQSH'3O 95 72 Sﬁg‘a\‘fd’
BS110 SiToHiszs | s Ao30 95 72 | Sgeded
BS111 SoT16H1s3s L“$‘F’,XAQSH'3O 95 72 Sﬁg‘a\‘fd’
BS112 | SiTaHiss | ooen o 95 72 | Sgeded
BS113 SoTsH1s36 L“$‘F’,XAQSH'3O 95 72 Sﬁg‘a\‘fd’
BS114 SToHiszs | s Ao30 95 72 | Sgeded
BS127 | NsSuTedHi1ss L“qroFZ‘AAéSr'?’O 150 24 Sgaet‘iﬁd’
BS128 | NoSTosHuas | omnne 150 24 | Seeded
BS129 | N.cSTeoHi1ss L“qroFZ‘AAéSr'?’O 150 24 Sgaet‘iﬁd’
BS130 | NoSaTosHuas | omnny 150 24 | Seeded
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Table Kl1-cont'd. List of synthesized membranes at different synshes
conditions

Membrane|  Synthesis Silica and TS%?QE;EE Time | Synthesis
Code Composition | template source °C) (h) | Method
BSI131 | NeSaTosHuas | sy 150 24 | oo
BS132 | NSxsTeoHii36 Luc_lrolg( AAI%Sr-3O 150 24 SBeaet((j:ﬁd,
ST | o] VAT | 0 | o] St
BS134 | NSxTedHizs Luc_lrolg( AAI%Sr-3O 150 24 SBeaet((j:ﬁd,
BS135 | NoSecTocHizn| sy 150 24 | oo
BS136 | N.755%sT69H1136 Luc_lrolg( AAI%Sr-3O 150 24 SBeaet((j:ﬁd,
BS138 | NoSuiTocHizn| sy 150 24 | Son
BS139 | NSuToHio | oo o 150 24 | o
BS140 | NoSuTsHuo | rpaorirpaer| 19 24 | Spateh
BS141 | NSuToHuo | ooea>30 150 2
BS142 | N.2sSsTedHiise Luc-l|-0|::( AAI;Sr-BO 150 24 Slga?t((j:ﬁd,
BS143 | NeSTosHuas | omnne o 150 24 | o
BS144 | N.s5SsTedH1ise Luc-l|-0|::( AAI;Sr-BO 150 24 Slga?t((j:ﬁd,
BS145 | NoSTosHuas | omnne 150 24 | o
BS146 | N.2sSsTedH1ise Luc-l|-0|::( AAI;Sr-BO 150 24 Slga?t((j:ﬁd,
BS147 | NsSiTedHiss LuqroF),( (530 150 24 Sgaet?:ﬁd’
BS148 | N.2sSsTedHiiss Luc-l|-0|::( AAI;Sr-BO 150 24 Slga?t((j:ﬁd,
BS149 | NuSTosHuas | om0 150 24 | o
BS150 | NsSsTeoHiise Luc-l|-0|::( AAI;Sr-BO 150 24 Slga?t((j:ﬁd,
BS151 | NesSesTooHiuss LuqroF),( (530 150 24 Sgaet?:ﬁd’
BS152 | N.755sTedH1iss Luc-l|-0|::( AAI;Sr-BO 150 24 Slga?t((j:ﬁd,
BS153 | NiSTosHuas | omnne 150 24 | oo
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Table K1-cont'd. List of synthesized membranes at different synghes

conditions
Membrane|  Synthesis Silica and TS%?Qfastijre Time | Synthesis
Code Composition | template source °C) (h) | Method

BS154 | N.7sSsTedH1ise Luc-l|-0|::( AAéSr-3O 150 24 Slga?t((j:ﬁd,
BS155 | NoSaTosHuas | sy 150 24 | o
BS156 | N.2sSsTedHiiss Luc-l|-0|::( AAéSr-3O 150 24 Slga?t((j:ﬁd,
BSI57 | NoSaTosHuas | omnne 150 24 | oo
BS158 | NsSsTeoHiiss Luc-l|-0|::( AAI;Sr-BO 150 24 Slga?t((j:ﬁd,
BS150 | NasSeiTocHin| sy 150 24 | o
BS160 | N.ioSsTeoH1ize Luc_lrolg( AAI%Sr-3O 150 24 SBeaet((j:ﬁd,
BS161 | NasSeiTocHizn| sy 150 24 | o
BS162 | NSxsTeoHi136 Luc_lrolg( AAI%Sr-BO 150 24 SBeaet((j:ﬁd,
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APPENDIX L

LIST OF MEMBRANES SYNTHESIZED WITH
COMPOSITION CHANGES

Table L.1 Synthesis conditions and properties of the memisranegpared with
composition change during the synthesis, synthesiperature: 95°C

Membrane Synthesis composition | Composition change Total synthesis
Code 80Si0:XTPAOH:1500HO time (h) time (h)
BS119 x=9 - 72
BS115 x=30 - 72
BS122 x=30 - 24
BS121 x was changed from 30 to|9 24 24+48
BS123 x=30 - 48
BS124 x was changed from 30 to 9 48 48+24
BS126 x=30 - 124
BS125 x was changed from 30 to 9 124 124+24
BS165 x=30 - 48
BS166 x was changed from 30 to| 9 48 48+24
BS167 x=30 - 48
BS168 x was changed from 30 to 9 48 48+24
BS169 x=30 - 24
BS170 x was changed from 30 to|9 24 24+72
BS178 x was changed from 30 to|9 24 24+72
BS179 x was changed from 30 to|9 24 24+72
BS173 x=30 - 48
BS174 x was changed from 30 to| 9 48 48+72
BS177 x was changed from 30 to| 9 48 48+72
BS175 x=30 - 72
BS176 x was changed from 30 to 9 72 72+72
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