ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL

SYNTHESIS OF ZEOLITE A COATINGS

M.Sc. THESIS

Arzu BAYRAK

Department of Chemical Engineering

Chemical Engineering Programme

FEBRUARY 2022






ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL

SYNTHESIS OF ZEOLITE A COATINGS

M.Sc. THESIS

Arzu BAYRAK
(506181001)

Department of Chemical Engineering

Chemical Engineering Programme

Thesis Advisor: Prof. Dr. Ayse ERDEM

FEBRUARY 2022






ISTANBUL TEKNIK UNiVERSITESI * LISANSUSTU EGIiTiM ENSTITUSU

ZEOLIT A KAPLAMALARININ SENTEZi

YUKSEK LiSANS TEZi

Arzu BAYRAK
(506181001)

Kimya Miihendisligi Anabilim Dal

Kimya Miihendisligi Program

Tez Danmismani: Prof. Dr. Ayse ERDEM

SUBAT 2022






Arzu Bayrak, an M.Sc. student of ITU Graduate School, with the student ID
506181001, successfully defended the thesis entitled “SYNTHESIS OF ZEOLITE A
COATINGS”, which she prepared after fulfilling the requirements specified in the
associated legislations, before the jury whose signatures are below.

Thesis Advisor : Prof. Dr. AYSE ERDEM
Istanbul Technical University

Jury Members : Prof. Dr. Melkon TATLIER
Istanbul Technical University

Prof. Dr. ismail BOZ
Istanbul University

Date of Submission : 14 January 2022
Date of Defense : 10 February 2022






vii

To my mother,






FOREWORD

I would like to thank Prof. Dr. Ayse Erdem and Prof. Dr. Melkon Tatlier for their
support and guidance. I would also like to thank my dear friend MSc. Chem. Eng.
Taylan Maras for his help, time, patience and friendship.

January 2022 Arzu Bayrak
(Chemical Engineer)

X






TABLE OF CONTENTS

Page

FOREWORD ...ciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiiietasittiesssatiasassesssnesscnsee ix
TABLE OF CONTENTS ..uiuiiiitiiiiiiiiiiiiiiiiiiiiiinitiecasrtncisecasmmsnsnssne xi
ABBREVIATIONS ..ciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiniiniiiiisetesnteecasssssnsanense xiii
LIST OF TABLES ...uiititiiiiiiiiiiiiiiiiiiiiiiiiietatietatetssassensesssammmnmesass XV
LIST OF FIGURES .....coiuiiiiiiiiiiiiiiiiiiiiiiiiiiiitiiiiiitcneiieeteciecenccneenns xvii
SUMMARY .iiiiiiiiiiiiiiiiiiiiiiietiieiietittisettacistcssstsecsscssssmeesssessecssenssens Xix
OZET ..coveeeeieeeeeeeeetieeetteeeeteeeeteesaeeesaaeeaeeesasnnsaseesstesseesssnnssssenesaes xxi
1. INTRODUCTION AND PURPOSE .....cccciiiiiiniiiiiiiiiiiiiiiiiieiiiecaenenes 1
1.1 PUrpoSe Of THESIS ....vnuieiiniiet ettt et e 1

2. ZEOLITES AND ZEOLITE COATINGS ...cciutuiiiieiniininiiiieiiinecacncnees 3
2.1 ZEOMIEES .. eeee ettt e e e 3
2.2 780MIEE A .o 3
2.2.1 Synthesis 0f Zeolite A........ooeiiuiiiiiii i 4

2.3 Z€0lite COALINES .. nvtnttntt et ettt et et e et e e e et e e e e 5
2.3.1 Preparation of zeolite coatings ..........oceviiiiiiiiiiiiiiiiiiiiiieeannnnn. 6
2.3.2 Membrane applications of zeolite coatings ............cocevevevineiieinennn 8

3. EXPERIMENTAL STUDY ..uitiitiuiiiiiiiiiieiiiniincnineiecieiesascnecasecnessne 11
3.1 Preparation of Metal Substrates ............ccooviiiiiiiiiiiiiiiiiiiiieieaenns 11
3.2 Synthesis EXPeriments .........c.oouiviiiniiiiiiiii e 14
3.3 Characterization EXperiments ...........o.oviiiiiiniiiiiniiieeiianeaeeiiannanns 16
3.3.1 N2 Permeation teSt ......ooueueeniieiitit i e 16
3.3.2 X-Ray diffraction analysis .............coiiiiiiiiiiiiiiiiiiiieea, 17
3.3.3 Thermogravimetric analysis (TGA) ........ccoviiiiiiiiiiiiiiiie e, 17

4. RESULTS AND DISCUSSION ...uttiiiuiniieiuiiieiariineiariinecasisecasecnsnmn 19
4.1 Results of Calibration Experiments.............ocooviiiiiiiiiiiiiiiiiiiiiinenn 19
4.2 Results of Zeolite A Coating Synthesis Experiments......................oene. 23
4.2.1 Synthesis experiments with different types of substrates ................... 23
4.2.2 Synthesis experiments at different flow rates ....................oovii 31
4.2.3 Synthesis experiments at different inlet - outlet temperatures ............. 32
4.2.4 Multiple staged synthesis eXperiments ...............ooeeveiinienienninnennn. 34

5. CONCLUSIONS AND RECOMMENDATIONS ...cciviiiiuiniiiecninenecnnen 41
2 D1 2 D1 2 D0\ O 45
APPENDICES ...uitiiiitiiiiiiiiiiiiiiiiiiiiiiiiiiitiieiieeiecnittsasatsesssntsssneeses 49
APPENDIX A. Results of Calibration Experiments ..................ccccoceeuennnn. 49
APPENDIX B. XRD ReSUILS ....covitiiniiiiiiiiei e 53

Xi






ABBREVIATIONS

LTA
LTN
TGA
XRD

: Linde Type A
: Linde Type N
: Thermogravimetric analysis

: X-ray diffraction

Xiii






LIST OF TABLES

Page

Table 4.1 : Effect of different substrate types on system temperatures

(induction power: 4.0 kW, flow rate: 149.6 mL/min, cryostatic

water bath temperature: 20 °C.... ..ot 22
Table 4.2 : Synthesis experiments using 24x110/500 substrate type ................ 23
Table 4.3 : Synthesis experiments using 24x110/500/500 substrate type ........... 26
Table 4.4 : Synthesis experiments using 24x110/500 substrate type ................30
Table 4.5 : Synthesis experiments using 24x110/200x1400 substrate type ......... 30
Table 4.6 : Synthesis experiments at different flow rates ...................c...oo.e 31
Table 4.7 : Synthesis experiments at different reactor inlet-outlet temperatures

(Synthesis time: 3 hours) ........oooeiiiiiiiiiii 33
Table 4.8 : Synthesis experiments at different reactor inlet-outlet temperatures

(Synthesis time: 5 hours) ..........ooooiiiiiiiiiiii i, 34
Table 4.9 : Two staged synthesis experiments with different duration of second

StSERY. . ... . AW . A A W ... 35
Table 4.10 : Two staged synthesis experiments with second stages at different

EEMPETALULES . ..ottt ettt et et et e e e et et e e e e e e 36

Table 4.11 : Synthesis experiments with healing steps..............c.oveviiiiinninn. 37
Table 4.12 : Two staged synthesis experiments with different first stages ..........38
Table A.1 : Calibration results obtained using 24x110/500 type substrate.......... 49

Table A.2 : Calibration results obtained using 24x110/500/500 type substrate.... 50
Table A.3 : Calibration results obtained using 24x110/200x1400 type substrate
(Flow rate: 224.4 mL/min).........ooooiiiiiiiiiiii i 51
Table A.4 : Calibration results obtained using 24x110/200x1400 type substrate
(Flow rate: 149.6 mL/min) .........ccooiiiiiiiiiiiiiiiii i 51
Table A.5 : Calibration results obtained using 24x110/200x1400 type substrate
(Flow rate: 74.8 mL/Min) .........ccoviiiiiiiiiiiiiii e, 52

XV






LIST OF FIGURES

Figure 2.1 :
Figure 2.2 :
Figure 3.1 :

Figure 3.2 :
Figure 3.3 :
Figure 4.1 :

Figure 4.2 :

Figure 4.3 :

Figure 4.4 :

Figure 4.5 :

Figure 4.6 :

Figure 4.7 :

Figure 4.8 :

Figure B.1 :

Figure B.2 :

Figure B.3 :

Figure B.4 :

Page
Zeolite A framework structure [11] ..., 4
Primary and secondary growth methods [20] ..................ocooiiii. 6
Substrates that are deformed due to the use of a relatively thin metal
sheet layer onthe inside .............oooiiiiiiiiiiiiii 11
Synthesis experiment SEtUP .........o.eviiiiiiiiiiiiiiiiiiieie e, 14
N> permeation measurement test SEtUP ..........c.oevveeiiiiiiiiiniannnn.. 16

Effect of induction power on system temperatures (cryoganic water
bath temperature: 5 °C, flow rate: 149.6 ml/min, substrate:
24X1T10/500). .o e 20
Effect of cryostatic water bath temperature on system temperatures
(induction power: 4.5 kW, flow rate: 149.6 ml/min, substrate:
24X110/500/500).. .0 cueneinee e 21
Effect of flow rate on system temperatures (induction power:
4.0 kW, cryostatic water bath temperature: 20 °C: , substrate:
24x110/200X1400). .. cneeieee e 22
Comparison of XRD results of the samples taken from the a) inner,
and b) outer surface of the substrate coated in experiment A2, with
that of commercial NaA....... ..., 24
Comparison of XRD results of the samples taken from the a) inner,
and b) outer surface of the substrate coated in experiment A3, with
that of commercial NaA...........cooiiiiiiiiii e, 25
Comparison of XRD results of the samples taken from the a) inner,
and b) outer surface of the substrate coated in experiment A5, with
that of commercial NaA...........oooiiiiiiiii e, 27
Comparison of XRD results of the samples taken from the a) inner,
and b) outer surface of the substrate coated in experiment A6, with
that of commercial NaA...........oooiiiiii 28
Comparison of XRD results of the samples taken from the outer
surface of the substrates coated in a) experiment A28, and b) A33,
with that of commercial NaA...............cooiiii 39
Comparison of XRD results of the samples taken from the the inner
and outer surface of the substrate coated in experiment a) A2 and

Comparison of XRD results of the samples taken from the the a)
inner and b) outer surfaces of the substrates coated in experiment
A2and A3 54
Comparison of XRD results of the samples taken from the the inner
and outer surface of the substrate coated in experiment a) AS and

Comparison of XRD results of the samples taken from the the a)
inner and b) outer surfaces of the substrates coated in experiment
ASand Ab....ooo 56



Figure B.5 :

Figure B.6 :

Comparison of XRD results of the samples taken from the the a)
inner and b) outer surfaces of the substrates coated in experiment
A2 and AS. .. 57
Comparison of XRD results of the samples taken from the the a)
inner and b) outer surfaces of the substrates coated in experiment

A ANA AG. .o, 58

xviii



SYNTHESIS OF ZEOLITE A COATINGS

SUMMARY

Zeolites are microporous crystalline hydrated aluminosilicates with pores of molecular
sizes in their framework. Zeolite A is a hydrophilic synthetic zeolite with the lowest
Si/Al ratio possible for zeolites, which is 1 and has a 3-dimensional pore structure with
effective pore diameter about 4 A.

During zeolite synthesis, an amorphous reactant mixture is converted into microporous
crystalline product. In addition to the conventional powder and pellet forms, zeolites
can be synthesized on various surfaces as coatings via different synthesis methods.
These coatings may be used in separation and heating-cooling applications. Zeolite
coatings prepared for use in separation applications, should be continuous thin coatings
without defects.

Two new methods developed recently in our laboratory for the preparation of zeolite
coatings are conduction heating and induction heating methods. The main idea of these
methods is that the substrate is heated by conduction or induction and the synthesis
solution is kept at a lower temperature than the surface temperature of the substrate. In
this way, crystallization on the substrate is favored with respect to that in the synthesis
solution. The induction heating method was observed to be suitable for use in large-
scale applications. The purpose of this study is to test the applicability of the induction
heating method to the preparation of thin zeolite A coatings on cylindrical metal
substrates that may be suitable to be used in separation applications. The effects of
different substrate types and system/synthesis parameters on the properties and
performance of the synthesized zeolite A coatings are examined.

Different cylindrical metal substrates to be used in the coating experiments were
designed and constructed with various types of 316L stainless steel wire mesh sheets.
Zeolite A coatings were prepared by heating the metal substrate with induction power
in a circulating synthesis solution system. The prepared coatings were weighed and
their mass equivalent thickness values were calculated. The samples taken from the
coatings were analyzed by thermogravimetric analysis (TGA) and X-ray diffraction
(XRD) techniques. Nitrogen permeabilities of the coatings were also measured.

Before the synthesis experiments, the dependence of reactor inlet and outlet
temperatures and thus the temperature difference obtained across the reactor on other
system parameters are determined with the help of calibration experiments carried out
using water instead of synthesis solution.

Zeolite A coating synthesis experiments were started by testing different substrate
types, 24x110/500 (single outer layer), 24x100/500/500 (double outer layers) and
24x110/200x1400. An additional zeolite phase besides LTA, the LTN phase, was also
seen to be present in smaller amounts, in the coatings obtained in these preliminary
experiments. 24x110/200x1400 was observed to be the substrate type on which the
most preferable coatings with lower amounts of LTN phase, and lower permeance and
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thicknesses values were obtained. For this reason, zeolite A coating experiments were
continued using 24x110/200x1400 substrates.

When experiments at different flow rates were conducted, it was observed that thinner
and more closed coatings could be obtained using lower flow rates. For the
investigation of the effects of inlet-outlet temperatures on the coating properties,
experiments at different reactor inlet-outlet temperatures in the range of 30-35 to 55-
60 °C, for two different synthesis times of 3 and 5 hours, were carried out. The coating
thickness increased with the increase in reactor inlet and outlet temperatures, for both
synthesis times. The gas permeance, however, seemed to decrease with the increase in
coating thickness at low thickness values, while it started to increase again above
coating thickness values of about 100 um, for both synthesis times.

In order to optimize the effects of reactor inlet-outlet temperatures to prepare thinner
coatings with lower permeabilities, running the experiment in stages with different
reactor inlet-outlet temperatures was attempted and successfully achieved. The
smallest equivalent thickness obtained was 210 pm for the only coating synthesized
with a gas permeance value lower than 10 mol/m?.s.Pa, in these initial two staged
experiments. This coating was obtained with 3 hours of first stage at reactor inlet-outlet
temperatures of 45-50°C, followed by 2 hours of second stage at reactor inlet-outlet
temperatures of 55-60 °C.

Two staged synthesis approach was further investigated by keeping one of the first or
second stages same and changing the reactor inlet-outlet temperatures of the other
stage. The change in reactor inlet-outlet temperatures in the second stage affected the
coating thickness more significantly, while it affected the gas permeance less. The
effect of the temperature change of the first stage against the temperature change of
the second stage was more striking. As the temperature of the first stage increased in
the range tested in these experiments, both the coating thickness and the gas permeance
values decreased.

The coating obtained from the experiment with the reactor inlet-outlet temperatures of
45-50 and 50-55 °C in the first and second stages, carried out for 3 and 2 hours,
respectively, was observed to have an equivalent thickness value of 112 um, almost
half the value of 210 pm for the previous coating obtained at 45-50 and 55-60 °C. The
actual effective thickness value of the coating across which gas permeation takes place
is expected to be lower than the equivalent thickness value calculated, for the
substrates used in this study. Both of these coatings had sufficiently low gas permeance
values lower than 10 mol/m?.s.Pa.

Finally, the results of XRD and TGA analyses revealed that both of these coatings
were highly crystalline zeolite A coatings.
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ZEOLIT A KAPLAMALARININ SENTEZi

OZET

Zeolitler, mikrogdzenekli, kristal yapili, sulu aliiminosilikatlardir. LTA (Linde Tip A)
olarak smiflandirilan zeolit A’nin, bosluk hacim orani %47 ve Si/Al orami 1'dir.
Birbirlerine 8 tiyeli halka denilen pencerelerle baglanmig kafeslerden olusan 3 boyutlu
bir gdzenek yapisina sahiptir. Na formunda, etkin gdzenek capi yaklasik 4 A'tur.

Zeolit sentezi, amorf reaktan karigiminin mikro gozenekli kristal yapili {iriine
doniismesiyle gerceklesmektedir. Zeolitler, cam, seramik, polimer, seliilloz ve metal
gibi ¢esitli yiizeylerde farkli sentez yontemleri kullanilarak kaplama olarak da
sentezlenebilir. Zeolit kaplamalar kullanilarak membran uygulamalar1 veya 1sitma-
sogutma uygulamalar1 gibi yeni uygulamalar gelistirilmektedir. Ayirma
uygulamalarinda kullanilmak {izere hazirlanan zeolit kaplamalar, kristaller arasi
kusurlar olmadan miikemmel sekilde i¢ i¢e gegmis ince kaplamalar olmalidir.

Zeolit kaplamalarin hazirlanmasinda en yaygin olarak kullanilan yontemler: in-situ
kristalizasyon (birincil biiylime), as1 kristalleriyle kristalizasyon (ikincil biiylime) ve
baglayic1 destekli kristalizasyondur. Birincil ve ikincil yontemlerin mantigi, toz
halindeki zeolitlerin geleneksel sentez mantigi ile aynidir.

Birincil biiylitme yontemi, althigin hazirlanan sentez ¢ozeltisi ile dogrudan temas
halinde oldugu hidrotermal sentez yontemidir. Sentez sistemi kesikli, yari-siirekli veya
stirekli bir sistem olabilir. Kesikli sistemlerdeki sorunlardan biri, jel ve kristallerin
cozeltide ¢okmesi ve belirli noktalarda birikmesidir. Siirekli sistemlerde, sirkiilasyonla
hareket halinde olan sentez c¢ozeltisinin tiim althi§a temasi, jel ve kristallerin
cokelmesini ve birikmesini dnler. Ayn1 zamanda siirekli sistemler, kesikli sistemlere
kiyasla 6l¢ek biiylitmede daha avantajlidir.

Ikincil biiyiitme yonteminde, altlik, hidrotermal sentezden énce gesitli yontemler
kullanilarak zeolit kristalleri ile asilanir. Asilama asamasi sirasinda kristal boyutu,
kristal yogunlugu ve biriktirme siiresi gibi bircok parametre vardir. As1 kristallerinin
homojen ve siirekli bir sekilde altlik {izerine yerlestirilmesi, sentez sonrasi hazirlanan
ince kaplamanin homojen bir kalinliga ve hatasiz bir yapiya sahip olmasini saglar.
Asilama ayrica sentez siiresini kisaltir ve kristal biiylimesinin sentez ¢dzeltisinden
ziyade altlik iizerinde gerceklesmesini tesvik eder.

Son zamanlarda boliimiimiiz laboratuvarlarinda metal altliklarin kondiiksiyon veya
indiiksiyon yoluyla segici olarak 1sitilmastyla zeolit kaplamalarin hazirlanmasi i¢in iki
yontem gelistirilmistir. Bu ¢aligmanin amaci, miimkiinse silindirik metal altliklar
iizerinde ayirma amach olarak kullanima uygun olabilecek ince zeolit A
kaplamalarinin hazirlanmasinda indiiksiyonla 1sitma yonteminin uygulanabilirliginin
aragtirtlmasidir. Altlik tipi ve sistem/sentez parametrelerinin sentezlenen zeolit A
kaplamasinin 6zellikleri ve performansi iizerindeki etkileri incelenmistir.

Kaplama deneylerinde kullanilan katmanl silindirik metal altliklar, ¢esitli tiplerde
316L paslanmaz celik elekler kullanilarak tasarlanmis ve iiretilmistir. i¢ katman igin
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secilen elek levha istenilen ebatlarda dikdortgen seklinde kesilerek, uzun kenarlar
birbirine kaynak yapilarak bir silindir olusturulmustur. D1 katman i¢in segilen elek
levha daha sonra bu silindirin etrafina sarilarak ve uzun kenarlar1 boyunca
birlestirilerek kaynak yapilmistir. Son bir adim olarak, silindirin her iki ucuna metal
halkalar kaynaklanmistir. Kaynak hatlarindaki deformasyonlar1 kapatmak i¢in metal
althigin yanal bolgesindeki kaynak hattina ve halka birlesim alanina ince birer epoksi
seridi uygulanmstir.

Zeolit A kaplamalar, metal altligin, berrak bir sentez ¢ozeltisinin sirkiile edildigi bir
reaksiyon sisteminde indiiksiyon giicliyle 1sitilmasiyla hazirlanmigtir. Sistemde
pompadan gegen ¢ozelti reaktore girmekte, reaktdrden ciktiktan sonra kreostattan
gecerek pompaya geri donmekte, ardindan tekrar reaktore iletilmekte ve boylece
sirkiilasyon saglanmaktadir. Reaktorde silindirik metal altligin hem i¢inden hem de
disindan gecen reaksiyon karisimi, reaktdrden c¢ikmadan oOnce altligin 1sitilan
ylizeyleriyle temas etmesi sonucu bir dereceye kadar isinmakta ve daha sonra
kreostattan gecerek tekrar sogutulmaktadir. Deney sirasinda reaktor girig-cikis
sicakliklart 1s1l giftler ile izlenmistir ve kreostat sicakligi ve indiiksiyon giicii
ayarlanarak istenilen sicaklik degerlerinde tutulmustur. Belirli kosullarda segilen siire
sonunda reaktorden c¢ikarilan zeolit kapli metal altlik, distile su ile durulanmis ve
kontrollii nemli bir ortamda tutulmustur. Tartimlar1 izlenen kaplamalardan alinan
numuneler, termogravimetrik analiz (TGA) ve X-1s1n1 kirinimi (XRD) teknikleri ile
analiz edilmistir. Kaplama miktarlarindan kiitlece esdeger kaplama kalinliklar
hesaplanmistir. Eleklerin bosluklarindaki etkin kalinlik degerlerinin esdeger kalinlik
degerlerinden ¢ok daha diisiik olmas1 beklense de, hesapla bulunan bu degerlerden,
gecirgenligi diisiik ve olabildigince ince kaplamalar hazirlanmasi i¢in yol gdsterici
olarak yararlanilmistir. Kaplamalardan altliklar1 uygun olanlarin azot gegirgenlikleri
Ol¢iilmiistiir.

Sentez deneylerine baslamadan o©nce, sentez c¢oOzeltisi yerine su kullanilarak
kalibrasyon deneyleri yapilmustir. Indiiksiyon giicii, kreostat sicakligi ve debi
parametreleri degistirilerek reaktor giris ve ¢ikis sicakliklarina ve dolayisiyla reaktor
genelinde elde edilen sicaklik farkina etkileri belirlenmistir. Kalibrasyon deneyleri
sonucunda indiiksiyon giiclindeki artisin reaktor giris ve ¢ikis sicakliklar arasindaki
fark arttirdig1 gézlemlenmistir. Kreostat sicakligi arttiginda hem reaktor giris hem de
cikis sicakliklarinin arttigi gézlemlenmistir. Debinin artmasiyla giris sicakliginin
arttig1 ancak ¢ikis sicakliginin azaldig1 yani reaktor giris ve ¢ikis sicakliklari arasindaki
farkin azaldig1 goézlemlenmistir. Sistemde farkli tipte metal altliklar kullanildiginda,
ayni reaktor giris ve ¢ikis sicakliklarini bulmak i¢in farkli deneysel parametrelerin
uygulanmasinin gerektigi gorilmistiir.

Zeolit A kaplama sentezi deneyleri, 24x110/500 ve 24x100/500/500 olmak iizere iki
farkl altlik tiirii test edilerek baslatilmistir. Sentez siiresi arttikga kaplama miktarinin
ve dolayisiyla kalinligimin arttig1 goriilmiistiir. Bu altliklarla yapilan deneylerde, i¢ ve
dis ylizeylerden kazinan numunelerin XRD'leri incelenmistir.

24x110/500 althik ile hazirlanan kaplamalarda LTA fazinin yamisira, daha az
miktarlarda da olsa LTN fazina da rastlanmstir. Ug saatlik sentezden sonra elde edilen
kaplamanin i¢ ve dis ylizeylerinden almman numunelerin XRD sonuglari
incelendiginde, i¢ taraftan alinan numunenin XRD'sinde LTN piklerinin daha ytiksek
oldugu goriilmiistiir. Ote yandan, 5 saatlik sentezden sonra elde edilen kaplamanin i¢
ve dis yiizeylerinden alinan numuneler incelendiginde, numuneler arasinda 6nemli bir
fark goriilmemistir.
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Bu deneylerden elde edilen kaplanmus altliklarin dis yiizeylerinden alinan numunelerin
XRD sonuglart incelendiginde, dis ylizeyde LTN olusumunun zamanla arttig1
goriilmiistiir. Kaplamanin bu tarafinda daha 6nce LTN fazinin mevcut olmadig:
gdzlenmistir. I¢ yiizeylerden elde edilen iki 6rnegin XRD grafikleri arasinda énemli
bir fark olmadigi, her iki grafikte de LTN piklerinin bulundugu saptanmis, LTN'nin i¢
yiizeyde daha erken bir zamanda olustugu goriilmustiir.

24x110/500/500 altlik ile hazirlanan kaplamalarda, {i¢ saatlik sentez sonrasi elde
edilen kaplamanin i¢ ve dis ylizeylerinden alinan numunelerin XRD sonuglar
karsilastirildiginda, numuneler arasinda énemli bir fark gdzlenmemistir. Ote yandan,
5 saatlik sentezden sonra elde edilen kaplamanin i¢ ve dis yiizeylerinden alinan
numunelerin  XRD grafikleri incelendiginde, dis tabakadan alinan numunenin
XRD'sinde LTN piklerinin biraz daha yiiksek oldugu goriilmiistiir.

Kaplanmaig althigin hem i¢ hem de dis ylizeylerinden alinan numunelerde LTN fazinm
gosteren piklerin zamanla arttig1 gézlemlenmistir. Artig, kaplamanin dig ylizeyinde
daha belirgindir. Bu sonuglar, LTN fazinin, zeolit A pahasina sentez siiresi ile arttigin
gostermektedir.

Tek ve ¢ift katmanli 500 mesh ile hazirlanan altliklar karsilastirildiginda, ig
yiizeylerden alinan numuneler arasindaki farkliliklarin pek belirgin olmadigi, ancak
kaplamalarin dis yiizeylerinden alinan numunelerdeki LTN piklerinin 24x110/500/500
althiginda 24x110/500 altligina gore daha yiiksek oldugu belirlenmistir.

Bu asamada, kaynak isleminde yapilan birkac iyilestirme ile sekilsel diizgiinliik
acisindan iyilestirilmis altliklar iiretilmeye ve kullanilmaya baslanmistir. Bu sayede
hazirlanan kaplamalarin gaz gecirgenlik olgiimleri ile test edilmesi miimkiin hale
gelmistir. Hazirlanan kaplamalarin ne kadar siirekli ve kapali oldugunu test etmek icin
azot gecirgenlik dl¢limleri yapilmistir.

Tek bir dis tabakanin kullanimina karar verildikten sonra, dista 200x1400 mikronik
elek tlirlintin kullanildig1 tclincii bir althk tlri gelistirilmistir. 24x110/500 ve
24x110/200x1400 altlik tiirlerinin kiyaslanmasi amaciyla sentez deneyleri yapilmistir.
Iki althk tipi ile elde edilen kaplama kalinliklar1 arasinda belirgin bir fark
goriilmemistir. Ancak 24x110/200x1400 altlik tipinde hazirlanan kaplamalarin biraz
daha diisiik gaz gecirgenlik degerleri vermesi, bu altlik ile elde edilen kaplamalarin
daha kapali oldugunu gostermis ve zeolit A kaplama deneylerine 24x110/200x1400
althik tiirii kullanilarak devam edilmistir.

Farkli debilerin etkisini incelemek ve sonraki deneyler i¢in uygun bir akis hiz1 segmek
icin 74.8, 149.6 ve 224.4 ml/dak olmak iizere ii¢ debi secilmistir. Azalan debi ile
birlikte sistemin indiiksiyon gii¢ ihtiyacinin azalmasi kaplama miktarinin azalmasina
neden olmustur. Daha diisiik akis hiz1 kullanilarak, altlik iizerinde daha ince ve daha
kapal1 kaplamalar elde edilebilmistir.

Reaktor giris ve ¢ikis sicakliklarin kaplama 6zellikleri tizerindeki etkilerini aragtirmak
ve degerlerini optimize etmek i¢in bir dizi deney planlanmis ve gerceklestirilmistir. 35
ve 40 °C'den 55 ve 60 °C'ye kadar farkli reaktdr giris ve ¢ikis sicakliklarinda 74,8
ml/dak debide 3 saatlik sentez deneyleri yapilmistir. Reaktor giris ve ¢ikis
sicakliklarinin artmasiyla kaplama kalinligi artmistir. Gaz gegirgenligi ise diisiik
kalinlik degerlerinde kaplama kalinliginin artmasiyla azalirken, yaklagik 100 pm
kaplama kalinlik degerlerinin iizerinde tekrar yiikselmeye baglamistir. Bu nedenle, 30-
35 °Cila 50-55 °C arasinda 5 saatlik sentez deneylerinden olusan baska bir dizi deney
yapilmistir. Bu deneylerde de sicakliklarin artisiyla kaplama kalinligi artarken, en
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diisiik gaz gegirgenlik degerlerinin yine 100 pm civarinda bir optimum kalinlik
degerinde elde edildigi goriilmiistiir.

Kalinlig1 artirmadan gecirgenligi diistirmek icin ¢ok asamali kaplama deneyleri
yapilmistir. Deneyin ilk asamasinda, daha diisiik reaktor giris-cikis sicakliklari ile
cekirdeklenmenin yavas gerceklesmesini saglamak, ikinci agamada ise reaktor giris-
cikis sicakliklarini artirarak kristallesmeyi hizlandirmak amaglanmistir. Bu deneyler,
45-50 °C'lik reaktor giris-¢ikis sicakliklarinda 3 saatlik bir birinci agamanin ardindan,
55-60 °C'lik reaktor girig-¢ikis sicakliklarinda 1 veya 2 saatlik ikinci asama
uygulanarak yiiriitilmistiir. Bu deneylerin sonuc¢larini degerlendirebilmek i¢in, 45-50
°C reaktor girig-¢cikis sicakliklarinda 3 saat boyunca ikinci bir asama olmaksizin
yapilan deneyin sonuglari ile karsilastirilma yapilmistir. Reaktor giris-¢ikis
sicakliklarinin 10 °C yiikseltilip deneye 1 saat daha devam edilmesinin bile gaz
gecirgenligini ciddi 6l¢iide azalttig: goriilmiistiir. Ikinci asama iki saate uzatildiginda
ise azot gegirgenligi 10° mol/m?.s.Pa degerinin altina diigmiistiir. Caligmada bu
asamaya kadar gozlenen en diislik gecirgenlige sahip olan bu kaplamanin (A28 kodlu
deney) esdeger kalinlig1 210 pm olarak hesaplanmistir.

Iki asamali sentez yaklasimi, 3 saatlik ilk asama ve 2 saatlik ikinci asama kullanilarak
ve birinci veya ikinci agamalardan biri ayn1 tutularak ve diger asamanin reaktor giris-
cikis sicakliklar1 degistirilerek daha detayl arastirilmustir. Ilk olarak, reaktdr giris-cikis
sicakliklart ilk asamada 40-45 °C gibi daha diisiik bir degerde tutulmustur. Ikinci
asamalarinda ise 45-50, 50-55 ve 55-60 °C reaktor giris-cikis sicakliklarinda deney
gerceklestirilmistir. Tkinci asamada reaktor giris-gikis sicakligindaki degisim kaplama
kalinligin1 daha fazla, gaz gecirgenligini ise daha az etkilemistir.

Iki asamali deneyler kapsaminda, birinci asamadaki reaktdr giris-cikis sicakliginin
degisiminin etkisini gézlemlemek i¢in de deneyler yapilmistir. Bu deneylerin ikinci
asamalari, 50-55 °C reaktor giris-cikis sicakliklarinda, ilk agamalari ise 35-40, 40-45
ve 45-50 °C reaktor giris-¢ikis sicakliklarinda gergeklestirilmistir. Birinci asamanin
sicaklik degisiminin ikinci agamanin sicaklik degisimlerine gore etkisinin daha fazla
oldugu goriilmiistiir. Bu deneylerde test edilen aralikta birinci kademenin sicakligi
artttkca hem kaplama kalinliginin hem de gaz gecirgenlik degerlerinin azalmasi
saglanmustir.

Sonug¢ olarak, ilk asamasi 45-50, ikinci asamasiysa 50-55 °C reaktor girig-¢ikis
sicakliklarinda gergeklestirilen (A33 kodlu) deney ile elde edilen kaplamanin,
yeterince kiigiik (10° mol/m?.s.Pa'dan diigiik) bir gaz gegirgenlik degerine sahip
oldugu ve esdeger kalinlik degerinin de dnceden hazirlanabilmis diisiik gecirgenlige
sahip A28 kodlu kaplamanin kalinligimin neredeyse yarisina disiiriilebildigi
belirlenmistir. Elde edilen esdeger kalinlik A28 kodlu kaplama i¢in 210 um iken, A33
kodlu kaplama i¢in 112 pm'dir. Kullanilan altliklar i¢in eleklerin bosluklarindaki etkin
kalinlik degerlerinin esdeger kalinlik degerlerinden ¢ok daha diisiik olmasi
beklenmektedir.

XRD ve TGA sonuglari incelendiginde her iki kaplamanin da yiiksek kristaliniteye
sahip zeolit A kaplamalar1 olduklar1 goriilmiistiir.
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1. INTRODUCTION

Zeolites are microporous crystalline hydrated aluminosilicates with pores and channels
in their framework. They can be found in nature as well as synthesized in the laboratory
[1]. There are about 40 types of zeolites found in the nature and more than 200 types
of zeolites synthesized in the laboratory [2]. Because zeolites found in nature contain
impurities in their structures and may not have the desired pore sizes, they are not
suitable for use in some industrial applications. Zeolites, which are produced
synthetically in laboratories, are more commonly used in industry because they can be

produced with desired properties in accordance with their usage areas.

Zeolite coatings are prepared by bonding zeolites to a substrate with physical or
chemical bonds. Zeolite coatings, similar to zeolites in powder or pellet forms, can be
used in adsorption, separation and catalysis applications. In some application areas,
they perform much better than zeolites in powder or pellet forms due to reduced mass
and heat transfer limitations [3]. Zeolite coatings can be synthesized directly on the
substrate surfaces using different methods such as in situ crystallization, seed assisted

crystallization and binder assisted crystallization [4].

1.1 Purpose of Thesis

Two methods have been developed recently in the laboratories of our department, for
the preparation of zeolite coatings by selective heating of the metal substrates directly
by conduction or induction [5, 6]. Synthesis by induction heating method has been
successfully applied for the preparation of relatively thick zeolite X and zeolite A
coatings on large substrate surfaces [7]. The purpose of this study is to test the
applicability of the induction heating method to the preparation of thinner zeolite A
coatings on cylindrical metal substrates that may be suitable for use in separation
applications, if possible. The effects of substrate type and system/synthesis parameters

on the properties and performance of the synthesized zeolite A coating are examined.






2. ZEOLITES AND ZEOLITE COATINGS

2.1 Zeolites

Zeolites are hydrated crystalline materials formed by silica (SiO4) and alumina (AlO4)
tetrahedra. Each tetrahedron has a T (Si and Al) atom at the center and four oxygens
at the corners. When tetrahedra are connected to each other with oxygen atoms, a 3-
dimensional structure emerges. This three-dimensional network contains pores in
shape of cages and channels [1]. Due to these pores in the structure, ions and molecules
with an effective diameter smaller than the pore size can easily pass through the zeolite

structure. Zeolites are also known as molecular sieves due to this property [8].

The silica tetrahedra in the structure with Si** at the center are neutral with four
oxygens, while alumina tetrahedra with Al*? at the center are negatively charged. This
negative charge is neutralized with cations in the pores of the structure. Because of

these cations, zeolites are frequently used in ion exchange applications [9].
The structural formula of a zeolite is represented by:
Mx/n[A102)x(S102)y].wH20O. (2.1)

In the above formula, M is an alkaline (Na*, K*, Li") or alkaline earth (Mg*?, Ca*?,
Ba*?) metal cation, n is the valence of cation M, w is the number of water molecules

per unit cell, and x and y are the numbers of alumina and silica tetrahedra per unit cell.

2.2 Zeolite A

Zeolite A, classified as LTA (Linde Type A), has a structural formula
Nai2[(AlO2)12(S102)12].27H20 [2]. Zeolite A has a void volume fraction of 47% and
Si/Al ratio of 1. It is the zeolite with the lowest possible Si/Al ratio. It has a 3-
dimensional pore structure with 8 membered ring windows. In Na form, the effective
pore diameter is about 4 A. When sodium cations in its structure are exchanged with
other smaller or larger cations its pore size changes. For example, its K and Ca
exchanged forms, zeolites K-A and Ca-A have effective pore sizes of about 3A and 5

A, respectively [10].



Figure 2.1 shows the framework structure of zeolite A. The primitive structural unit of
zeolite A structure is B cage. In the LTA type structure, the 3 cages are interconnected
by double 4-membered rings and are arranged in a simple cubic structure. Then, o
cages (supercages) are formed between the B cages. The o cages are linked by sharing
the 8-membered ring with each other, and these structures are arranged in a simple

cubic structure [11].
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Figure 2.1 : Zeolite A framework structure [11].

2.2.1 Synthesis of zeolite A

Zeolites can be synthesized from gels or clear reaction mixtures. Various zeolites in
powder form could be obtained by conventional zeolite synthesis using aluminosilicate
gels. Zeolite synthesis allows the initial amorphous reactant mixture to be converted
into a microporous crystalline final product. The synthesis of the structure takes place
in an aqueous medium, in hydrothermal conditions (100°C - 200°C), in the presence
of organic or inorganic cations. Many of the low-silica zeolites containing aluminum
are synthesized using alumina and silica sources and hydroxides of alkali metal cations

and water.

There are many different variables that influence the synthesis and determine the
properties of the final crystal structure to be formed [12]. Among them, the most
important ones are the reaction mixture composition (Si/Al ratio, water content,
alkalinity, type and amount of cation(s)), temperature, synthesis time and presence of
mixing [13]. The reaction accelerates with the decrease of the H,O/Na,O and
Si02/Al,03 ratios of the synthesis solution, and the reaction slows down with their
increase. Changing the Na>O/SiO» ratio of the synthesis solution has the opposite

effect, with the increase of Na>O/SiO; ratio, the reaction accelerates, and with the



decrease of this ratio, the reaction slows down. Increasing the reaction temperature
also accelerates the reaction. Prolongation of the reaction time leads to metastable
phase transformations causing an increase in the amount of hydroxysodalite, which is

a more stable phase, after longer synthesis times [14].

However, the gel compositions used in these syntheses are not suitable for the
preparation of zeolite coatings. New applications such as membrane applications or
heating-cooling applications are being developed using zeolite coatings [15, 16]. In
preparing zeolite coatings, it was observed to be better to use clear solution
compositions. However, the number of known clear solution compositions which can
be used in preparing the coatings is very limited. There is only one study in the
literature on clear solution compositions that can be used for the synthesis of zeolite A
[17]. In this study, different synthesis compositions and times at different temperatures
for the synthesis of pure and fully crystalline zeolite A were investigated and the results
were reported to be 3-9 hours at 60 °C, 1-5 hours at 80 °C, 1-2 hours at 90 °C, and 30
minutes at 100 °C for the composition 50Na;O: 1A1,03: 5Si0,2:1000H2O. Phase
transformation starts after 10 hours at 60 °C, 6 hours at 80 °C, 3 hours at 90 °C, and 1
hour at 100 °C. When these synthesis times are exceeded, zeolite X and/or

hydroxysodalite are formed besides zeolite A [17].

2.3 Zeolite Coatings

Zeolites can be synthesized on various surfaces such as glass, ceramic, polymer,
cellulose and metal as coatings using different synthesis methods. Zeolite coatings,
which have the properties of zeolites such as adsorption, catalysis and molecular

sieving, provide the opportunity for them to be used in many areas [18].

In recent years, preparation of zeolite coatings on porous substrates that can be used
as membranes for gas and liquid separations has been attracting a lot of attention.
Zeolite coatings that will be used in adsorption applications, are expected to be
sufficiently thick and continuity of the coating is not very critical in these cases. Zeolite
coatings prepared for use in separation applications, on the other hand, should be
perfectly intergrown thin coatings without inter-crystalline defects. When the zeolite
coatings are prepared for use in sensor or microreactor applications, it may be desired

that the zeolite layer consists of crystals attached to the substrate separately or as a



monolayer. Contrary to the coatings prepared for membrane applications, zeolite

intergrowth is not desirable in these cases [19].

2.3.1 Preparation of zeolite coatings

Due to the advantages of zeolite coatings in many application areas, research related
to the preparation of zeolite coatings has increased. The most commonly used methods
in the preparation of zeolite coatings are: in situ crystallization (primary growth), seed

assisted crystallization (secondary growth) and binder assisted crystallization [4].

The logic of the primary and secondary methods is the same as the traditional synthesis
logic of zeolites in powder form (Figure 2.2). The primary growth method is the
hydrothermal synthesis method in which the substrate is in direct contact with the
prepared synthesis solution. Synthesis system can be a batch, semi-continous or
continuous system. In the secondary growth method, substrate is seeded with zeolite

crystals using various methods before hydrothermal synthesis [20].
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Figure 2.2 : Primary and secondary growth methods [20].

For primary growth, several approaches have been studied, such as primary growth in
batch, continuous, or semi-continuous modes. In the batch system, the porous support
is dipped and stabilized in the synthesis solution and heated for a certain amount of

time. After this specific time, the support is removed from the solution and dipped in



a new synthesis solution in an inverted position [21]. In another method, before
hydrothermal synthesis, the support goes through various pretreatment steps. The
supports were immersed in organic modifiers and calcined at high temperatures in
order to remove the organic phase. It has been seen that there is no need for the

application of seeding with such preliminary improvement steps [22].

One of the problems in batch systems is that the reactant settles in the solution and
accumulates at certain points. One of the methods developed to overcome this problem
is the use of continuous flow systems. The uniform contact of the synthesis solution,
which is in motion with the circulation, to the entire substrate prevents the precipitation
and depletion of the reactant. At the same time, continuous systems are more

advantageous in scale-up compared to batch systems [23].

Generally, in hydrothermal synthesis, heating is done by conventional methods, and
this is usually done by immersing the synthesis solution and substrate into an autoclave
and then heating the autoclave in an oven or hot water bath. Another heating method
is microwave heating [24]. In coatings obtained with this type of heating, the
discontinuity of the coating and very small crystal size are the biggest problems, so
aging the synthesis solution before the synthesis or combined convectional/microwave

heating method is more preferred [24, 25].

When the results of these studies are examined, it is seen that the coatings obtained
using only hydrothermal synthesis have an inhomogeneous appearance. For this
reason, the secondary growth method is generally used. Seeds are deposited on the
substrate with different methods of seeding before hydrothermal synthesis. There are
many parameters such as crystal size, crystal density, and deposit time during the
seeding step [22]. In the seeding step, the seeds placed on the substrate act as nuclei
during the synthesis, guiding the growth of the zeolite layer. Placing the seeds in a
homogeneous and continuous manner ensures that the thin coating prepared after the
synthesis has a homogeneous thickness and a defect-free structure. Seeding also
shortens the synthesis time and encourages crystal growth on the substrate rather than

in synthesis solution [26, 27].

The simplest seeding method is the dip coating method. In this method, the substrate
is immersed in the suspension prepared with zeolite crystals and water at a certain

speed, and it is left for a certain period of time and removed at a certain speed. The



biggest disadvantages of this method are that it is not reproducible and it is very

difficult to obtain a homogeneous seed layer [28, 29].

Another simple seeding method is the rub-coating method. In this method, zeolite
crystals are rubbed on the substrate and then synthesis is carried out with this seeded
substrate. The disadvantage of this method is that a homogeneous coating cannot be
obtained as a result of regional shedding of the seeds and obtained coatings are not
reproducible [21, 30]. Rub-coating method is also done with a paste prepared with
water and seed. This prepared paste can be applied to the surface as a thin layer and
the coating can be synthesized by dipping this substrate into the synthesis solution

[29].

Another seeding method is the vacuum-assisted seeding method. In this method,
vacuum filtration system is used. The cylindrical substrate is immersed in a mixture
containing water and seed, and a vacuum pump is attached to one end of the substrate.
At this stage, as the water passes through the pores, the seeds are carried to the surface
and remain there. With this technique, homogeneous distribution of seeds on the

surface is easier and more reproducible than previous seeding methods [30].

One of the most important problems in the seeding step is choosing the seed size
suitable for the substrate pore size. Very large seeds result in nonhomogenous coating
layer. For this reason, nanocrystals are preferred [31]. Obtaining nanocrystalline
zeolites is very difficult and costly. Generally, their synthesis is carried out using

organic structure-directing agents or by microwave heating method [22, 32].

Two new methods developed recently in our laboratories for the preparation of zeolite
coatings are conduction heating and induction heating methods. The main idea of these
methods is that the substrate is heated by conduction or induction and the synthesis
solution is kept at a lower temperature than the surface temperature of the substrate. In
this way, crystallization on the substrate is favored with respect to that in the synthesis
solution. The combination of continuous synthesis with induction heating method is a

factor that increases its usability in large-scale applications [6, 7].

2.3.2 Membrane applications of zeolite coatings

Almost every process in such areas of industry as chemical, pharmaceutical, food, etc.,
includes the stage of separating the components according to the composition of

mixtures. Today, membrane technology competes with many traditional separation



methods and is increasingly being used. Among the advantages of using membranes
are mild conditions required for the separation process, its continuity, the absence of

additional reagents, and perhaps the most important feature is low energy costs [33].

The creation and application of zeolite membranes is a promising direction in the
development of membrane technologies. Zeolites are porous crystalline
aluminosilicates with a uniform system of channels with diameters in the range of 0.3
to 2 nm, which makes them unique for the production of membrane materials. The
molecular sieve action, along with tailorable adsorption characteristics, makes it
possible to obtain high fluxes through the zeolite layer and a high separation
selectivity, depending on the size, and the adsorption capacity for the components of
the mixture. Zeolites are resistant to elevated temperatures and organic media, which
expands their range of applications in comparison, for example, with polymeric

membranes [34].

The main direction of application of zeolite membrane materials is the gas-phase or
pervaporation separation of mixtures. So, zeolite membranes can be used for the
separation of mixtures that have close boiling points, for the separation of isomeric
molecules, as well as compounds that form azeotropic compositions [35]. On the other
hand, zeolite membranes can be used to increase the efficiency of catalytic processes;
they perform various functions, in particular, selective removal of products from the
reaction zone or direct participation in catalytic reactions [36]. However, the use of
zeolite membranes in this area is limited by the possibility of a presence of differences
in the coefficients of thermal expansion of the zeolite layer and the substrate, which
leads to the formation of defects in the zeolite layer and, as a consequence, to a
decrease in the separation selectivity. Therefore, the creation of improved zeolite

membranes is an urgent requirement.

Zeolite membranes of the Na-LTA structure have recently become widespread and are
actively used for the separation of aqueous-organic mixtures and in catalytic
membrane reactors. The main properties that determine the choice of this zeolite are
its high hydrophilicity and crystal lattice with a three-dimensional pore system with a
diameter of 4.1 A, which is larger than the kinetic diameter of a water molecule, but
smaller than the diameter of most organic molecules. The advantages of zeolite
membranes in general are their high mechanical strength, thermal stability, and greater

resistance to organic solvents in comparison with polymeric membranes. All these



properties make Na-LTA a promising membrane material for the dehydration of

various mixtures.

Recently, a large number of studies have been devoted to the development of a
technological procedure for the synthesis of a defect-free zeolite layer on various
substrates. Due to the difficulty of obtaining a homogeneous layer of zeolite of optimal
thickness, in most cases, specially polished or modified fine-pored substrates are used,
which significantly increases the cost of production of selective membranes.
Therefore, the task of finding a method for obtaining a selective membrane of the Na-

LTA structure on large-pore industrial substrates is urgent and important.
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3. EXPERIMENTAL STUDY

3.1 Preparation of Metal Substrates

The single or multi-layered cylindrical metal substrates used in the coating
experiments were designed and constructed using various types of 316L stainless steel
wire mesh sheets [37]. For the cylindrical metal substrates designed with two or three
layers of metal sheets, a relatively more rigid and stronger mesh sheet was used as the
inner layer of the cylinder. In the reactor used for synthesis and the module used for
gas permeation test, the cylindrical substrate is firmly fixed from the top and the
bottom and it is desired that the pressure created by this fixation does not disturb the
cylindrical form of the substrate. It has been observed that the cylindrical form of the

substrate was deformed when the inner wire mesh sheet was relatively thin (Figure

3.1).

Figure 3.1 : Substrates that are deformed due to the use of a relatively thin metal
sheet layer on the inside.

On the outer side of the metal substrates, one or two layers of thinner wire mesh sheets
were used. These thinner wire mesh sheets with smaller pore openings were preferred
in order to obtain relatively thin and closed zeolite coatings. It is expected that it will
be easier for the zeolite layer to close the openings between the wires without having

to become too thick, when the opening size is smaller.
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For the production of metal substrates, chosen wire mesh sheets were cut into rectangle
shapes in desired sizes. Initially, longer edges of the wire mesh sheet chosen for the
inner layer were welded to each other to form a cylinder. The wire mesh sheet chosen
for the outer layer was then wrapped around this cylinder and welded to join along its

longer edges. As a final step, metal rings were welded to both ends of the cylinder.

The prepared cylindrical metal substrates are 12 cm in length and 1.2 cm in diameter.
This length includes the two 1 cm rings welded to each end of the 10 cm long main
section of the substrate. All of the materials used are SS 316L stainless steel. Pipes
with 0.2 cm wall thickness and 1.2 ¢cm outer diameter are used for rings. For all
substrates in this study, 24x110 micronic mesh sheet is preferred for the inner layer.
This mesh sheet has 80 pm openings between its wires and it is chosen as the inner
layer because it gives a sufficiently strong and rigid structure to the substrate, and this
rigidness prevents the substrate from flexing and losing its cylindrical form in the
synthesis reactor and in the gas permeation test module. Two different mesh sheets are
used as the outer layer, 500 mesh sheet and 200x1400 micronic mesh sheet. 500 mesh
sheet has 25 um openings between its wires and 200x1400 micronic mesh sheet has
10 pm openings. Both mesh sheets used as outer layer have more delicate structures
compared to the inner layer. In this study, 3 different substrate designs with an inner
layer of 24x100 micronic mesh sheet were used. These are the 24x110/500 substrate
which has a single layer of 500 mesh sheet as the outer layer, the 24x110/500/500
substrate with two layers of 500 mesh sheets on the outside, and the 24x110/200x1400

substrate with a single 200x1400 mesh sheet as the outer layer.

In some cases, deformations were observed to form along the welding lines on the
lateral area and where metal rings were connected. In order for gas permeation test to
accurately determine the defects in the zeolite coating on the metal substrate, these
deformations that occurred during the welding had to be eliminated. For this purpose,
initially it was tried to cover the welded parts of the substrate with an additionally
welded thin metal plate. The metal plate placed did some good in covering the
deformations, but reduced the effective surface area. At the same time, the power
required to heat the metal substrate has pushed the power limits of our induction
device. As the next step, use of epoxy has been tried. The main criteria in the selection
of epoxy were that it should be sufficiently low in viscosity for easy application, and

be resistant to the temperature and alkaline environment of the experiment. During the
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experiment, the metal substrate in the reactor is heated by induction. Likewise, the
metal substrate is in contact with the alkaline synthesis solution throughout the
experiment. For this reason, it is desired that the physical and chemical structure of the
epoxy used do not change with temperature and alkaline environment. The selected
epoxy was applied on the metal substrate and observed by keeping it in the 50°C
synthesis solution [38]. It was observed that the color, texture and weight of the epoxy
did not change in these environments. For its resistance to temperature, the epoxy
coated metal base was kept in the oven for one night and observed. After examining
the properties obtained from the manufacturer, it was determined that the epoxy was
suitable for use. A thin strip of epoxy was applied to the weld line on the lateral area
and on the ring-substrate joint area of the metal substrate. Uncoated metal substrate
and epoxy coated metal substrate weights were noted for every substrate, and the

amount of epoxy used for each substrate was recorded.

The zeolite layer synthesized on the wire meshes used in a prepared substrates is not
expected to be of the same thickness throughout the entire mesh opening. The crystals
start to grow after nucleation on the wires and they are required to continue growing
first to form layers on the wires and then until these layers growing on the wires around
any mesh opening get thick enough to join in the middle of the opening to fully close
the opening between the wires. It will therefore, not be possible to talk about a uniform
coating thickness across any mesh opening. The growth of zeolite crystals will also be
in every direction, not only in the direction of the openings between the wires.
Throughout this study, coating thickness calculations were made simply by assuming
that the coating was uniformly distributed as a compact zeolite layer over the cylinder
surface. The thickness values reported in the study are thus, mass equivalent thickness
values calculated for corresponding compact zeolite coatings of equal mass on the
planar lateral (curved) surfaces of tubular supports of same diameter. These values,
therefore, do not correspond to actual thickness values. They are only used as
indicators to optimize the synthesis conditions in order to prepare thinner coatings with
lower permeabilities. The actual thickness value of the coating across which gas
permeation takes place is expected to be much lower than the equivalent thickness

value for the substrates used in this study.
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3.2 Synthesis Experiments

Zeolite A coatings are prepared by heating the metal substrate with induction power
in a circulating synthesis solution system. The experimental setup contains an
induction device, a reactor inside an induction coil, a peristaltic pump, a cryostatic

water bath, two thermocouples, pipeline and valves (Figure 3.2).
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Figure 3.2 : Synthesis experiment setup

The induction device has an operating range between 2 kW and 5 kW and provides the
heating of the cylindrical metal substrate placed in the reactor. The coil connected to
the induction device is designed to surround the reactor. The reactor is made of teflon
which can withstand the temperatures and corrosive environment required for the
syntheses and is also transparent to induction. The peristaltic pump, which allows the
synthesis mixture to be fed to the system and circulated throughout the experiment,
has a flow range between 24 ml/min and 1994 ml/min. The cryostatic water bath is
used for cooling the synthesis mixture heated in the reactor. The pipeline used in the
experimental setup is made of silicone which can withstand the high alkalinity of the

synthesis solution.
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Before starting the synthesis experiments some preliminary preparations were made.
Thermocouples used in the experiment were calibrated with the help of a calibrated
thermometer and cryostatic water bath is adjusted to the desired temperature. After

these preparations the clear synthesis solution was prepared.

Synthesis experiments were carried out using a clear solution with the composition of
50Na20: 1ALOs3: 5Si02:1000H20. Sodium aluminate (molar composition:
1.249Na,0:A1,03:0.542H,0, Sigma Aldrich), sodium silicate (molar composition:
0.287Na20:S10,:8.0282H,0, Merck), sodium hydroxide (99% pure, Merck) and

distilled water were used as the reactants.

For each synthesis experiment approximately 600 ml synthesis solution was prepared.
A small part of the required amount of distilled water was separated into a beaker. This
water was later used for rinsing remaining sodium silicate from the beaker. First,
sodium hydroxide was added to the remaining distilled water and stirred with a
magnetic stirrer for 10 minutes. After checking whether sodium hydroxide was
dissolved properly, sodium aluminate was added and stirred for 5 minutes. After
dissolving sodium aluminate, sodium silicate was added to the mixture and the beaker
containing the sodium silicate was rinsed with previously separated distilled water.

After mixing for another 5 minutes, magnetic stirrer was removed from the solution.

The prepared synthesis mixture was then fed to the system with the peristaltic pump.
System was kept closed to the air at the beginning (valves 1, 4, 5 and 6 were closed,
valves 2 and 3 were kept open). After the pipeline and reactor were completely filled
with the synthesis mixture, the valves connected to the feeding tank (valves 2 and 3)
were closed and valve 1 was opened to start the circulation of the reaction mixture in

the system.

The solution passing through the pump enters the reactor and then passing through the
cryogenic water bath returns to the pump and back to the reactor and so on, ensuring
circulation. The temperature is monitored with the thermocouples located at the inlet
and outlet of the reactor, and the system is waited to become stable. When the reactor
inlet-outlet temperatures stabilize, the experiment is started by turning the induction
device on. Induction coil surrounding the reactor creates an alternating magnetic field
and this magnetic field heats the metal substrate. The reaction mixture, which passes

through both inside and outside of the cylindrical metal substrate in the reactor, heats
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up to some extent as a result of contact with the heated surfaces of the substrate before
it exits the reactor, and then, while passing through the cryogenic water bath, it is
cooled before it is fed back to the reactor again. During the experiment, the reactor
inlet-outlet temperatures are monitored by thermocouples and kept at desired
temperature values by adjusting the cryogenic water bath temperature and induction

power.

After the experiment is carried out for the selected time at the desired parameters, the
induction device is turned off and the system is allowed to cool down for 5 minutes.
Then the peristaltic pump is turned off. Following another 5 minutes, the solution is
slowly drained from the system using the drain valve (valve 6) in the system. Finally,
the zeolite coated metal substrate removed from the reactor was rinsed by distilled

water and kept in a controlled humidity environment.

3.3 Characterization Experiments

3.3.1 N> Permeation test

N2 permeation through the zeolite-coated metal substrate was measured in a
permeation system (Figure 3.3). The coated substrate was placed in a stainless-steel
module and was fitted tightly at both ends with O-rings. The gas that has become
saturated by passing through water was fed from the outside of the tubular substrate
(retentate side) and the gas passing through the coating is collected at the inner side of
the tubular substrate (permeable side). The flowrate of this permeate was measured
with a soap bubble flowmeter. Pressure of the gas entering the module was also

measured.

Pressure
gauge
ﬂ ©

Water

Membrane

Nitrogen module Bubble
tank flowmeter

Figure 3.3 : N> permeation measurement test setup
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With the assumption that the permeating gas is ideal, the permeance of the gas

(mol/m?.s.Pa) was calculated by the following equation,

P AV
RT At
AP - A

Permeance =

where P is the atmospheric pressure (Pa), R is the ideal gas constant (Pa.m*/K.mol), T
is the room temperature (K), AV/At is the volumetric flow rate of the permeate (m?/s)
which is measured by the soap bubble flowmeter, AP is the transmembrane pressure
difference (Pa) and A is the effective membrane area (m?). In this study, the effective

membrane area is the epoxy-free lateral area of the cylindrical substrate.

In the measurement system in our laboratory, permeance measurements can be made
easily down to the level of 10 mol/m?.s.Pa, but the system is not fit for measuring
lower values clearly. For this reason, in this study, the expression <10 was used for

lower permeance values, which could not be measured accurately.

3.3.2 X-Ray diffraction analysis (XRD)

The samples taken from the coatings prepared on the substrates were characterized by
XRD analyses in order to determine crystallinities and phase purities. When X-ray
diffraction is applied, a distinctive diffraction pattern, which is like a fingerprint, is

obtained for each crystal structure.

X-ray diffraction analyses were carried out with a PANanalytical X’Pert Pro model
diffractometer using Cu Ko radiation at 45 kV and 40 mA and data were collected

over the range of 20 angles from 5° to 50° using 1°/min scan rate.

The strongest non-overlapping three peaks in the known diffraction patterns of zeolites

are taken into the consideration when examining the analyses.

3.3.3 Thermogravimetric analysis (TGA)

The structure of zeolite A crystals are stable up to about 400 °C. On the contrary,
amorphous structures are not stable and cannot remain intact at high temperatures.
Since it is known that zeolite A maintains its crystallinity and thus its water adsorption
capacity at 350 °C, TGA was applied to the same sample twice up to this temperature,
consecutively in order to estimate the ratio of the crystalline material in the obtained

solid, in other words, the crystallinity of the solid. If the weight loss in the second TGA
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is much lower than the weight loss in the first TGA, this means that the solid contains
a highly amorphous structure. If there is little or no difference between the weight loss
in the second TGA and the weight loss in the first TGA, it can be said that the material

contains a high percentage of crystals.

Thermogravimetric analysis (TGA) was performed with Perkin Elmer brand, Pyris
Diamond TG-DTA model device. Before the TGA experiments, the samples were kept
in a controlled humidity environment in order to ensure that the solid samples were
saturated with moisture. After the first TGA, the same samples were kept in a
controlled humidity environment for the second time, allowing them to reach moisture
saturation again. A second TGA was applied to the saturated samples. In the TGA
experiments, a program with a temperature range of 25 - 350 °C, a heating rate of 10

°C/min, and an isothermal step at 350 °C for 5 minutes was applied.
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4. RESULTS AND DISCUSSION

4.1 Results of Calibration Experiments

Before starting the synthesis experiments, calibration experiments were carried out
using water instead of synthesis solution for each substrate type. The purpose of these
experiments was to determine the dependence of reactor inlet and outlet temperatures
and thus the temperature difference obtained across the reactor on other system
parameters, namely, the induction power, cryostatic water bath temperature and the
flow rate. In each calibration experiment, induction power, cryostatic water bath
temperature and flow rate were kept constant and the experiment was ended when the
temperature values read by the thermocouples at the reactor inlet and outlet did not
change any more. These inlet and outlet temperatures were noted. Later, the
experimental parameters of the synthesis experiments to obtain the desired reactor inlet
and outlet temperatures were chosen accordingly. Detailed results of these experiment

are given in appendix A.

As a result of the calibration experiments, it was observed that the increase in the
induction power increased the difference between the reactor inlet and outlet
temperatures. In Figure 4.1, a graph showing the effect of different induction power
values on the reactor inlet and outlet temperatures is given when the cryogenic water
bath temperature is 5 °C and the flow rate is 149.6 ml/min (Substrate: 24x110/500).
When the graph is examined, it is seen that the difference between the reactor inlet and

outlet temperatures increases as the induction power increases.
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Figure 4.1 : Effect of induction power on system temperatures (cryogenic water bath
temperature: 5 °C, flow rate: 149.6 ml/min, substrate: 24x110/500).

Another system variable is the cryogenic water bath temperature. Induction power and
flow rate were kept constant to examine the effects of cryostat temperature on the
system. It was observed that when the cryogenic water bath temperature increased,
both the reactor inlet and outlet temperatures increased. The difference between the
reactor inlet and outlet temperatures remained approximately constant. Figure 4.2
shows the effects of cryogenic water bath temperature on the system when the flow

rate is 149.6 ml/min and the induction power is 4.5 kW (Substrate: 24x100/500/500).
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Figure 4.2 : Effect of cryostatic water bath temperature on system temperatures
(induction power: 4.5 kW, flow rate: 149.6 ml/min, substrate: 24x110/500/500).

When the effects of flow rate on reactor inlet and outlet temperatures are examined, in
cases where the induction power and cryostatic water temperature remained the same,
it was observed that the inlet temperature increased with the increase in flow rate, but
the outlet temperature decreased, in other words, the difference between the reactor
inlet and outlet temperatures decreased. Figure 4.3 shows the effects of flow rate on

temperatures when the induction power and cryostatic water bath temperature are kept

the same.
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Figure 4.3 : Effect of flow rate on system temperatures (induction power: 4.0 kW,
cryostatic water bath temperature: 20 °C, substrate: 24x110/200x1400).

When different types of metal substrates are used in the system, different experimental
parameters had to be applied to find the same reactor inlet and outlet temperatures.
Table 4.1 shows the effects of the different types of substrates used in this study, on
the reactor inlet and outlet temperatures, keeping the flow rate, induction power and

cryostatic water bath temperature constant at a set of chosen values.

Table 4.1 : Effect of different substrate types on system temperatures (induction
power: 4.0 kW, flow rate: 149.6 mL/min, cryostatic water bath temperature: 20 °C).

Inducti Cryostatic ~ Reactor Reactor bD;tffeer:rrllce

Substrate """ Flowrate water bath inlet outlet DOtV

type ?k%(;\)zver (ml/min) temperatur temperatur temperatur ‘tgilelt-e(:)rlellttllfrtes
c(0) (O (0O oy

)

24x110

/500 4.0 149.6 20 48.7 54.6 59

24x110

1500/500 4.0 149.6 20 46.4 52.1 5.7

24x110

1200x1400 4.0 149.6 20 51.1 57.8 6.7
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4.2 Results of Zeolite A Coating Synthesis Experiments

4.2.1 Synthesis experiments with different types of substrates

Zeolite A coating synthesis experiments were started by testing two different substrate
types. The first of these substrates was prepared with a single layer of 500 mesh sheet
on a 24x110 micronic mesh sheet and the other one with two layers of 500 mesh sheets

on a 24x110 micronic mesh sheet.

In order to test these substrate types with single layer 500 mesh sheet and double layer
500 mesh sheets on the outer side of the substrate, synthesis experiments were carried
out for 1, 3 and 5 hours at 149.6 ml/min flow rate, and reactor inlet and outlet

temperatures of 55 and 60 °C.

The conditions and results of the experiments performed for different synthesis times

with 24x110/500 type substrate are given in Table 4.2.

Table 4.2 : Synthesis experiments using 24x110/500 substrate type.

Al A2 A3
Substrate Type 24x110/ 24x110/  24x110/
500 500 500
Power (kW) 2.2 2.2 2.0
Flow Rate (ml/min) 149.6 149.6 149.6
Water Bath Temperature 44.1 38.8 41.2
(°C)
Inlet - Outlet Temperatures 55-60 55-60 55-60
(°C)
Time (h) 1 3 5
Coating amount (g) 0.37 0.69 1.24
Coating thickness (um) 49 92 164

As can be seen from the table, as the synthesis time increases, the amount, and thus

the thickness of the coating increase.

Figure 4.4 and Figure 4.5 show the XRD results of the samples scraped from inner and
outer surfaces of the coatings A2 and A3, together with that of commercial NaA, added

for comparison.
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Figure 4.4 : Comparison of XRD results of the samples taken from the a) inner, and
b) outer surface of the substrate coated in experiment A2, with that of
commercial NaA
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Figure 4.5 : Comparison of XRD results of the samples taken from the a) inner, and
b) outer surface of the substrate coated in experiment A3, with that of
commercial NaA

When the XRD results are examined, it is seen that the samples contain higher amounts
of zeolite A (peak positions: 7.18°, 16.11°, 26.11°) in addition to lower amounts of
zeolite LTN (peak positions: 6.77°, 7.94°, 13.56°) in some of them.

The LTN phase is a less studied phase compared to the LTA phase. It has one of the
largest and most complex unit cells known. Like zeolite A, LTN is also synthesized at
low temperatures, and transformation to sodalite is observed at high temperatures [39].

LTN has a 3-dimensional pore structure with 6 membered ring windows [2].

When the XRD results of the samples taken from the inner and outer surfaces of the
coating A2, obtained after three hours of synthesis, are compared, it is seen that the
LTN peaks in the XRD of the sample taken from the inner side are higher (Appendix
B, Figure B.1.a). On the other hand, when the XRD graphs of the samples taken from

the inner and outer surfaces of coating A3, obtained after 5 hours of synthesis, are
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examined, no significant difference is observed between the samples (Appendix B,

Figure B.1.b).

When the XRD results of the samples taken from the outer surfaces of the coated
substrates obtained from these experiments were examined, it was seen that the LTN
peaks in the XRD graph of A3 were higher, indicating that LTN formation increased
with time on the outer surface (Appendix B, Figure B.2.a). LTN phase was not present
at the earlier time on this side of the coating. There was no significant difference
between the XRD graphs of the two samples obtained from the inner surfaces of A2
and A3 (Appendix B, Figure B.2.b). LTN peaks were present on both graphs,

indicating that LTN has formed at an earlier time on this side of the substrate.

In order to compare the effect of the substrate type, synthesis experiments were also
carried out using 24x110/500/500 type of substrate with similar experimental
parameters as in the experiments with 24x110/500 substrate type. The conditions of

these experiments and the results obtained are given in Table 4.3.

Table 4.3 : Synthesis experiments using 24x110/500/500 substrate type.

A4 A5 A6
Substrate Type 24x110/  24x110/  24x110/
500/500  500/500  500/500
Power (kW) 23 2.0 23
Flow Rate (ml/min) 149.6 149.6 149.6
Water Bath Temperature 38.3 53.4 40.4
(°C)
Inlet - Outlet Temperatures 55-60 55-60 55-60
(°C)
Time (h) 1 3 5
Coating Amount (g) 0.51 0.91 2.05
Coating Thickness (um) 68 121 273

As can be seen from the table, similar to the experiments carried out using 24x110/500
substrate type, as the synthesis time increases, the amount of coating increases and
accordingly, the coating thickens. Compared to the experiments carried out using
24x110/500 substrate type, in experiments carried out using 24x110/500/500 substrate

type, coating amounts are higher and accordingly, coatings are thicker.

Figure 4.6 and Figure 4.7 show the XRD results of the samples scraped from inner and
outer surfaces of the coatings A5 and A6, together with the XRD pattern of commercial

NaA, added for comparison.
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b) outer surface of the substrate coated in experiment A6, with that of
commercial NaA

When the XRD results are examined, similar to the results of the experiments using
supports prepared with a single layer of 500 mesh sheet on the outside, it is seen that
the samples mainly contain zeolite A (peak positions: 7.18°, 16.11°, 26.11°) and
zeolite LTN (peak positions: 6.77°, 7.94°, 13.56°). LTN peak intensities seem to be
higher in the XRD patterns of the samples obtained from the coatings prepared on
24x110/500/500 substrate, when compared to those on 24x110/500 substrate.

When the XRD results of the samples taken from the inner and outer surfaces of AS,
obtained after three hours of synthesis, are compared, no significant difference is
observed between the samples (Appendix B, Figure B.3.a). On the other hand, when
the XRD graphs of the samples taken from the inner and outer surfaces of A6, obtained

after 5 hours of synthesis, are examined, it is seen that the LTN peaks in the XRD of
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the sample taken from the outer layer seem to be somewhat higher (Appendix B,

Figure B.3.b).

The peaks indicating the LTN phase in the samples taken from both the inner and outer
surfaces of the coated substrate were observed to increase with time (Appendix B,
Figure B.4). The increase was more pronounced on the outer surface of the coating.
Intensities of the zeolite A peaks on the other hand, seemed to decrease with time, and
the decrease was more pronounced on the outer surface of the coating. These results

indicate that LTN phase increased with synthesis time at the expense of zeolite A.

When the substrates having single and double layers of 500 mesh sheets were
compared, LTN peaks in the samples taken from the outer surfaces of the coatings
were higher for the 24x110/500/500 substrate than for the 24x110/500 substrate. The
differences were not pronounced when the samples taken from the inner surfaces were
compared. Intensities of the LTN peaks were higher, while those of zeolite A peaks
were lower for the coatings prepared on the 24x110/500/500 substrate, when compared
to those on the 24x110/500 substrate. The differences were more pronounced for the
samples taken from the outer surfaces of the coatings (Appendix B, Figure B.5 and

Figure B.6).

Coated substrates with double layers of 500 mesh sheets on the outside
(24x110/500/500) were cut and examined visually too. It was observed that a thin layer
of coating has also formed between the two layers of 500 mesh sheets, albeit a small
amount. Thin layers of coating were also observed to have formed between the 24x110
and the 500 mesh layer(s) for the substrates. The corresponding amount for the

substrates with single layer of 500 mesh sheets on the outside was higher.

As was mentioned above, the coatings obtained in the experiments using
24x110/500/500 substrate type were thicker. The coatings prepared on this type of
substrate also contained higher amounts of LTN phase when compared to the coatings
on the 24x110/500 substrate. In the light of these results, 24x110/500 substrate with a
single outer layer of 500 mesh sheet was chosen as more suitable to be used for the

preparation of relatively thin zeolite A coatings.

After deciding on the use of a single outer layer, another type of substrate having a

micronic mesh sheet of 200x1400 on the outside, was developed. This 200x1400
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micronic mesh sheet has 10 pm openings, smaller than those of the 500 mesh sheet,

which has 25 pm openings between its wires.

At this stage, with a few upgrades in the welding process, improved substrates, in terms
of figural smoothness, started to be manufactured and used. In this way, it has become
possible to test the coatings prepared on the selected substrates with gas permeance
measurements. N> permeance measurements were carried out to test how continuous

and closed the prepared coatings were.

To test the possibility of obtaining a thinner and closed layer of zeolite coating using
N2 permeance measurements, the reactor inlet and outlet temperatures were decreased
from 55 and 60 °C to 45 and 50°C. The flow rate was kept at the same value of 149.6
ml/min as in previous experiments. 24x110/500 and 24x110/200x1400 substrate types
were used, and 1, 2, 3 and 5 hours of synthesis experiments were carried out. The
results are given in Tables 4.4 and 4.5, for the substrate types 24x110/500 and
24x110/200x1400, respectively.

Table 4.4 : Synthesis experiments using 24x110/500 substrate type.

A7 A8 A9 Al0
Substrate Type 24x110/  24x110/  24x110/  24x110/

500 500 500 500
Power (kW) 4.0 4.1 4.0 4.2
Flow Rate (ml/min) 149.6 149.6 149.6 149.6
Water Bath Temperature (°C) 10.9 14.7 11.7 13.0
Inlet - Outlet Temperatures (°C) 45-50 45-50 45-50 45-50
Time (h) 1 2 3 5
Coating Amount (g) 0.28 0.60 0.85 0.97
Coating Thickness (um) 37 79 112 128

N Permeance (mol/m?.s.Pa) 1.34x10° 6.00x10* 1.19x10*  7.57x107

Table 4.5 : Synthesis experiments using 24x110/200x1400 substrate type.

All Al2 Al13 Al4
Substrate Type 24x110/  24x110/  24x110/  24x110/
200x1400 200x1400 200x1400 200x1400
Power (kW) 3.8 3.6 34 3.8
Flow Rate (ml/min) 149.6 149.6 149.6 149.6
Water Bath Temperature (°C) 11.2 12.9 13.3 11.6
Inlet - Outlet Temperatures (°C) 45-50 45-50 45-50 45-50
Time (h) 1 2 3 5
Coating Amount (g) 0.35 0.47 0.79 1.11
Coating Thickness (um) 46 62 104 146

N Permeance (mol/m?.s.Pa) 1.76x10*  4.30x10* 5.52x10° 2.82x107
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As can be seen from the Tables 4.4 and 4.5, there is no obvious difference between the
coating thicknesses obtained with the two substrate types. However, it is seen that the
coatings prepared on the 24x110/200x1400 substrate type gave slightly smaller gas
permeance values, indicating that the coatings obtained with this substrate were more
closed. For this reason, the zeolite A coating experiments were continued in this study

using 24x110/200x1400 substrates.

4.2.2 Synthesis experiments at different flow rates

As known from the results of calibration experiments, when the flow rate increases
and the contact time of the synthesis solution with the substrate decreases, more
induction power is required to obtain the same reactor inlet and outlet temperatures.
Inversely, less induction power is required when operating at a lower flow rate.
Induction power is important since it also influences the surface temperature on the
substrate. Surface temperature is different than the temperature in the synthesis
solution, and it also influences the quality of the coating. In order to examine the effect
of different flow rates and to choose a suitable flow rate for further experiments, three
flow rates were selected, 74.8, 149.6 and 224.4 ml/min. With these three selected flow
rates, synthesis experiments were carried out for 3 hours, at the reactor inlet and outlet

temperatures of 45 and 50°C. The results of these experiments are given in Table 4.6.

Table 4.6 : Synthesis experiments at different flow rates.

AlS Al3 Alb6
Substrate Type 24x110/200x1400 24x110/200x1400 24x110/200x1400
Power (kW) 4.1 34 2.8
Flow Rate (ml/min) 224.4 149.6 74.8
Water Bath Temperature 1.6 13.3 32
(°C)
Inlet - Outlet Temperatures 45-50 45-50 45-50
(°C)
Time (h) 3 3 3
Coating Amount (g) 1.05 0.79 0.44
Coating Thickness (um) 139 104 58
N, Permeance (mol/m2.s.Pa) 7.71x107 5.52x107 7.81x10¢

The results of these experiments performed at different flow rates, make it clear that
the right choice for preparing thinner and closed coatings is using lower flow rate. In
the experiment performed at 224.4 ml/min, 1.05 g amount of coating was obtained,

while 0.79 g of coating was obtained from the experiment performed at 149.6 ml/min
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flow rate. Both coatings had N> permeance values on the order of 10> mol/m?.s.Pa; the
latter had a slightly smaller permeance. The experiment performed at the lowest flow
rate of 74.8 ml/min, gave the smallest coating amount, 0.44 g, and lowest N>

permeance, which was on the order of 10°® mol/m?.s.Pa.

The decrease in the induction power requirement of the system together with the
decreasing flow rate resulted in reducing the amount of coating. As the induction
power applied to the metal substrate decreases, the surface temperature of the metal
also decreases. As a result of the decrease in the surface temperature of the substrate,
rates of the processes, such as nucleation and crystal growth taking place on the
substrate surface during zeolite synthesis, will also slow down. Lower flow rate in the
solution, resulting in lower crystallization rates on the surface, understandably resulted

in the preparation of thinner and more closed coatings.

4.2.3 Synthesis experiments at different inlet - outlet temperatures

Zeolite synthesis is basically a crystallization reaction and has an exponential
dependence on temperature. In the induction heating system, crystallization takes
place in a thermal boundary layer on the substrate and hence is affected not only by
the surface temperature of the substrate, but also by the temperature of the synthesis
solution flowing over the substrate. With the increase in temperature, the formation of
nuclei and the growth of these nuclei accelerate, and with the decrease in temperature,
the formation of nuclei and the growth of nuclei slow down. Both lowering and raising
the temperature have their advantages. It may be expected that the coating thickness
will decrease as the temperature decreases, since the activation energy of crystal
growth is larger than that of nucleation for zeolite synthesis. On the other hand, the
obtained coating may not be fully crystalline and may contain amorphous structures,
since crystallization will slow down at lower temperatures. There is also a possibility
that the holes of the mesh sheets may not be fully closed by zeolite crystals, at coating
thickness values lower than a threshold value. The gas permeance will likely be higher
than the permeance of the zeolite micropores in these cases. As the temperature rises,
on the other hand, the thickness of the coating will increase while the resulting coating
is also expected to be more crystalline compared to coatings prepared at lower
temperatures. Although the gas permeance of a thicker and more crystalline coating is

expected to be lower, there is also the possibility of the presence of larger mesopores
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being left between the crystals, as a result of the rapid growth on the substrate, leading

to the formation of an irregular zeolite crystal layer.

A series of experiments with different reactor inlet and outlet temperatures were thus
planned and carried out in order to investigate the effects of these temperatures on the
coating properties, and to optimize their values. Synthesis experiments for 3 hours at
74.8 ml/min flow rate at different reactor inlet and outlet temperatures from 35 and 40
°C to 55 and 60 °C were performed using 24x110/200x1400 substrate type. The

conditions and results of these experiments are given in Table 4.7.

Table 4.7 : Synthesis experiments at different reactor inlet-outlet temperatures
(Synthesis time: 3 hours).

Al7 Al Al9 A20 A21
Substrate Type 24x110/  24x110/  24x110/  24x110/  24x110/
200x1400 200x1400 200x1400 200x1400 200x1400
Power (kW) 2.6 2.6 2.8 2.8 2.7
Flow Rate (ml/min) 74.8 74.8 74.8 74.8 74.8
Water Bath Temperature 14 25 28 33 41
(°C)
Inlet - Outlet Temperatures 35-40 40-45 45-50 50-55 55-60
(°C)
Time (h) 3 3 3 3 3
Coating Amount (g) 0.21 0.42 0.87 1.40 1.89
Coating Thickness (um) 28 56 116 186 252

N, Permeance (mol/m?.s.Pa) 1.70x10 2.60x10°® 891x10° 7.70x10° 8.40x10*

As seen from the experimental results, the coating thickness increased with the
increase in reactor inlet and outlet temperatures. The gas permeance, however, seemed
to decrease with the increase in coating thickness at low thickness values, while it
started to increase again above coating thickness values of about 100 um. Thus, thinner
and more continuous and compact coatings were obtained for coating thickness values
of about 100 pm under these experimental conditions. N> permeance values on the
order of 10°° mol/m?.s.Pa, on the other hand, are still considered to be higher than the
values expected (<10 mol/m?.s.Pa ) for a continuous and relatively defect-free zeolite
coating. Another series of experiments was therefore planned to examine the variation
of the thickness and permeance of the zeolite coatings with temperature, synthesized
at a longer time of 5 hours synthesis. Since the coatings were expected to grow more

at this longer time, lower inlet and outlet temperatures to and from the reactor of 30-
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35 °C were also included, and those of 55-60 °C were excluded in the investigation.

The conditions and results of these experiments are given in Table 4.8.

Table 4.8 : Synthesis experiments at different reactor inlet and outlet temperatures
(Synthesis time: 5 hours)

A22 A23 A24 A25 A26
Substrate Type 24x110/  24x110/  24x110/  24x110/  24x110/
200x1400 200x1400 200x1400 200x1400 200x1400
Power (kW) 2.5 2.6 2.6 2.8 2.8
Flow Rate (ml/min) 74.8 74.8 74.8 74.8 74.8
Water Bath Temperature 5 14 25 28 33

(°C)
Inlet - Outlet Temperatures 30-35 35-40 40-45 45-50 50-55
(°C)

Time (h) 5 5 5 5 5
Coating Amount (g) 0.35 0.54 0.87 1.24 1.92
Coating Thickness (um) 47 72 116 165 256

N, Permeance (mol/m2.s.Pa) 1.01x10* 1.12x10° 5.78x10°® 3.30x10° 2.24x10?

As can be seen from the results, the coating thickness increased with the increase in
reactor inlet and outlet temperatures as expected. Similar to the results of the
experiments carried out at 3 hours of synthesis, there seemed to be an optimum
thickness value around 100 pm, regarding the gas permeance values obtained. When
the experiments performed at reactor inlet-outlet temperatures of 35-40 °C at different
synthesis times are compared, it is seen that the prolongation of the synthesis time
from 3 hours to 5 hours decreases the gas permeance. In the experiments carried out
at 45-50 and 50-55 °C of reactor inlet-outlet temperatures, it was observed that the gas

permeance increased with the increase in synthesis time from 3 hours to 5 hours.

The result of these experiments carried out at different reactor inlet and outlet
temperatures and at different synthesis times show once more that for the preparation
of a thin and relatively defect-free coating, the synthesis time and reactor inlet-outlet

temperatures must be chosen carefully.

4.2.4 Multiple staged synthesis experiments

In order to obtain a relatively defect-free thin zeolite coating on the selected metal
mesh substrate, in the first stage, it is necessary to ensure uniform nucleation on the

metal wires in the metal mesh sheets of the substrate, and then to grow the zeolite
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crystals on this mesh sheet in a controlled manner to close the openings between the

metal wires to obtain a crystalline zeolite layer.

With this approach, it was thought that it could be tried to run the experiment in stages
with different reactor inlet-outlet temperatures. In the first stage of the experiment, it
was aimed to facilitate nucleation slowly with lower reactor inlet-outlet temperatures,
and then to accelerate the crystallization in the second stage by increasing the reactor
inlet-outlet temperatures. In this direction, a number of experiments including different

combinations of temperatures and synthesis times were tried.

First, to see if this two-staged experiment idea would be useful, two experiments were
conducted. These experiments consisted of a 3 hours of first stage at reactor inlet-outlet
temperatures of 45-50°C, followed by a 1 or 2 hours of second stage at reactor inlet-
outlet temperatures of 55-60 °C. In order to be able to evaluate the results of these
experiments, the results of the experiment conducted at reactor inlet-outlet
temperatures of 45-50 °C for 3 hours without a second stage are also given in Table

4.9, for comparison.

Table 4.9 : Two staged synthesis experiments with different duration of second

stage.

Alb6 A27 A28
Substrate Type 24x110/ 24x110/ 24x110/

200x1400 200x1400 200x1400
Power (kW) 2.8 2.8 2.5
Flow Rate (ml/min) 74.8 74.8 74.8
Water Bath Temperature 32 30-40 36-46
(°C)
Inlet - Outlet Temperatures 45-50 45-50 45-50
(°C) 55-60 55-60
Time (h) 3 3+1 3+2
Coating Amount (g) 0.44 0.93 1.59
Coating Thickness (um) 58 123 210
N, Permeance (mol/m?.s.Pa) 7.81x10° 6.84x10" <107

As can be seen from the table, when experiments A16 and A27 are examined, it can
be noticed that even raising the reactor inlet-outlet temperatures by 10 °C and
continuing the experiment for 1 more hour reduced the gas permeance from a value on
the order of 107 to a value on the order of 10°. When the second stage is prolonged to
two hours, no gas permeance in the system could be observed. Since the lowest gas

permeance value that can be measured in the system used was on the order of 10, the
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gas permeance measurement results that were too low to be measured were indicated
as <10, With the second stage added, in addition to the decrease in gas permeance,
the amount of coating also increased. The coating amount and hence the thickness
almost doubled in the second stage for the experiment A27. The smallest thickness
obtained was 210 pm for the only coating synthesized so far in this study (A28) with

a gas permeance value lower than 10" mol/m?.s.Pa.

As mentioned previously, the thickness values reported in the study are mass
equivalent thickness values calculated for corresponding compact zeolite coatings of
equal mass on the lateral curved surfaces of tubular supports of same diameter. These
values, therefore, do not correspond to actual thickness values. They are only used as
indicators to optimize the synthesis conditions to prepare thinner coatings with lower
permeabilities. The actual effective thickness value of the coating across which gas
permeation takes place is expected to be lower than the equivalent thickness value for

the substrates used in this study.

In order to decrease the equivalent thickness value, two staged synthesis approach was
further investigated by keeping one of the first or second stages same and changing
the reactor inlet-outlet temperatures of the other stage. First, three experiments were
carried out with first stages being similar with reactor inlet-outlet temperatures being
kept at the lower values of 40-45 °C this time, for a synthesis time of 3 hours. The
second stages of these experiments were carried out for 2 hours at reactor inlet-outlet
temperatures of 45-50, 50-55 and 55-60 °C. The results of these experiments are given
in Table 4.10.

Table 4.10 : Two staged synthesis experiments with second stages at different

temperatures.

A3l A29 A30
Substrate Type 24x110/ 24x110/  24x110/

200x1400  200x1400 200x1400
Power (kW) 2.2 2.1 2.1
Flow Rate (ml/min) 74.8 74.8 74.8
Water Bath Temperature 37-56 33-45 29-41
(°C)
Inlet - Outlet Temperatures 40-45 40-45 40-45
(°O) 55-60 50-55 45-50
Time (h) 3+2 3+2 3+2
Coating Amount (g) 1.36 0.91 0.71
Coating Thickness (um) 181 121 94

N, Permeance(mol/m?.s.Pa)  4.89x10®  574x10® 3.28x1077
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The equivalent thickness and permeance values obtained after 3 h at reactor inlet-outlet
temperatures of 40-45 °C was 56 pm and 2.60x10¢ mol/m?.s.Pa (Table 4.7). As can
be seen from Table 4.10, the change in reactor inlet-outlet temperature in the second
stage affected the coating thickness more significantly, while it affected the gas
permeance less. Considering the results of experiment A30 conducted at a lower
second stage temperature, it is seen that the time is not sufficient. Considering the
experiments A31 and A29, there is a clear increase in the coating thickness with the

increase in temperature, while the gas permeance results are very close to each other.

At the end of these two-stage experiments, in order to reduce the gas permeance of the
coating further, an additional healing step was applied using newly prepared synthesis
solution. It is to be able to reduce the defects on the coating with a short synthesis
experiment carried out at lower reactor inlet and outlet temperatures. For this purpose,
the experiments A29 and A30 which yielded thinner coatings were chosen. Synthesis
experiments were carried out for 2 hours at the temperatures of 45-50 applied in the

first stage of their synthesis. Results of these experiments are given in Table 4.11.

Table 4.11 : Synthesis experiments with healing steps.

A29 A29-2 A30 A30-2
Substrate Type 24x110/ 24x110/ 24x110/ 24x110/
200x1400  200x1400 200x1400 200x1400
Power (kW) 2.1 2.2 2.1 2.2
Flow Rate (ml/min) 74.8 74.8 74.8 74.8
Water Bath Temperature 33-45 36 29-41 32
(°C)
Inlet - Outlet Temperatures 40-45 40-45 40-45 40-45
(°O) 50-55 45-50
Time (h) 3+2 2 3+2 2
Coating Amount (g) 0.91 1.70 0.71 1.14
Coating Thickness (um) 121 226 94 152
N, Permeance (mol/m?.s.Pa) 5.74x10®  <10° 3.28x107 <10

As can be seen from the table, healing step seems to work quite well in decreasing the
gas permeance of coatings. But on the other hand, at the end of the healing step, the
coating thickness almost doubled in both experiments. Still, the coating denoted A-30-
2 had a lower thickness of 152 pm than that of the coating A-28, which was 210 um.
In the healing experiment, the existing zeolite coating may have provided a kind of

seeding effect, causing the synthesis to progress very quickly. Although the gas
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permeance decreases with healing steps, the increase in the coating thickness reduces
the usability of this method. Healing steps using fresh reaction mixtures can be applied
after single stage synthesis, for shorter synthesis times, at lower reactor inlet and outlet

temperatures and for thinner coatings.

In order to understand the effect of changing the reactor inlet-outlet temperatures of
the first stage, two more experiments were planned and carried out in addition to
experiment A29. The second stages were kept the same and the temperature values of
the first stages were changed. The second stages of these experiments had 2 hours of
synthesis time at reactor inlet-outlet temperatures of 50-55 °C, as in the experiment
A29. The first stages of these experiments had 3 hours of synthesis time at reactor
inlet-outlet temperatures of 35-40, 40-45 and 45-50 °C, when experiment A29 was

included. The results of these experiments are compared in Table 4.12.

Table 4.12 : Two staged synthesis experiments with different first stages.

A32 A29 A33
Substrate Type 24x110/ 24x110/ 24x110/

200x1400 200x1400 200x1400
Power (kW) 23 2.1 2.2
Flow Rate (ml/min) 74.8 74.8 74.8
Water Bath Temperature 29-47 33-45 36-43
(°0)
Inlet - Outlet Temperatures 35-40 40-45 45-50
(°O) 50-55 50-55 50-55
Time (h) 3+2 3+2 3+2
Coating Amount (g) 1.12 0.91 0.85
Coating Thickness (um) 149 121 112
N, Permeance (mol/m?.s.Pa) 3.91x10°¢ 5.74x108 <107

When Table 4.12 is examined, it can be seen that the effect of the temperature change
of the first stage against the temperature changes of the second stage is more striking.
As the temperature of the first stage increased in the range tested in these experiments,

both the coating thickness and the gas permeance values decreased.

The coating obtained with the experiment A33 was observed to have a sufficiently low
gas permeance value (lower than 10° mol/m?.s.Pa), as was obtained for A28, with
almost half the equivalent thickness value obtained for the coating A28. The thickness
obtained was 210 um for the coating A28, while it was 112 um for A33.
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Figure 4.8 shows the XRD results of the samples scraped from outer surface of the
coatings A28 and A33, together with the XRD pattern of commercial NaA, added for

comparison.

6,000 —A28
5 5,000 —— Commercial NaA

a) 20

—A33
—— Commercial NaA

5 10 15 20 25 30 35 40 45 50
b) 20

Figure 4.8 : Comparison of XRD results of the samples taken from the outer surface
of the substrates coated in a) experiment A28, and b) A33, with that of
commercial NaA

When the XRD results are examined, it is seen that the samples contain zeolite A (peak
positions: 7.18°, 16.11°, 26.11°) and they are highly crystalline. For the sample taken
from A28, two very small extra peaks are noticed at positions 13° and 32°. For the
sample taken from A33, extra peaks are seen at positions 4°, 9° and 13°, but these

peaks are also observed to be quite small.

In addition, TGA is conducted to the sample obtained from experiment A33. 1. TGA
and 2. TGA are resulted in 18.8% and 18.5%, respectively. It is known that the zeolite
A has 18% of adsorption capacity. With these results it can be confirmed that the
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sample contains high amounts of zeolite A and the very small difference between the

two TGA results confirms that the sample is highly crystalline.
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5. CONCLUSIONS AND RECOMMENDATIONS

Applicability of the induction heating method to the preparation of zeolite A coatings
on cylindrical metal substrates that may be suitable for use in separation applications
was tested in this study. The effects of substrate type and system/synthesis parameters

on the properties and performance of the synthesized zeolite A coating were examined.

Three types of metal substrates were developed to be used in this study. A thicker and
more rigid 24x110 micronic mesh sheet was used on the inner surface of all three
substrates. As the outer layer, single layer 500 mesh, double layer 500 mesh and single
layer 200x1400 micronic meshes were used. 500 mesh sheet has 25 pm openings

between its wires and 200x1400 micronic mesh sheet has 10 um openings.

The dependence of reactor inlet and outlet temperatures and thus the temperature
difference obtained across the reactor on other system parameters could be determined
with the help of calibration experiments carried out using water instead of synthesis

solution, before the synthesis experiments.

An additional zeolite phase besides LTA, the LTN phase, was seen to be present in
smaller amounts, in the coatings prepared as a result of the initial experiments carried
out on the substrate types, 24x110/500 (single outer layer), and 24x100/500/500
(double outer layers). The substrate with the single outer layer (24x110/500) was
chosen to be more preferable, both due to the lower thickness values obtained for the
coatings, and due to lower amounts of LTN phase present in the coatings prepared on

this substrate.

Among the substrates with single outer layers, 24x110/500 and 24x110/200x1400, the
latter was observed as the more preferable substrate type to be used in further studies
due to the lower gas permeance and equivalent thicknesses values obtained for the

coatings prepared on it. For this reason, zeolite A coating experiments were continued

using 24x110/200x1400 substrates.

The effect of flow rate on the properties of the coatings prepared were investigated in

order to choose a suitable flow rate for further experiments. It was observed that
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thinner and more closed coatings could be obtained using lower flow rates. Lower flow
rate in the solution, resulting in lower crystallization rates on the surface,

understandably resulted in the preparation of thinner and more closed coatings.

Synthesis experiments were performed for investigation the effects of different reactor
inlet and outlet temperatures on the coating properties. The coating thickness increased
with the increase in reactor inlet and outlet temperatures. The gas permeance, however,
seemed to decrease with the increase in coating thickness at low thickness values,

while it started to increase again above coating thickness values of about 100 pm.

In order to optimize the effects of reactor inlet-outlet temperatures to prepare thinner
coatings with lower permeabilities, the experiments were carried out with multiple
stages with different reactor inlet-outlet temperatures. The two-staged experiments
consisted of a first stage at lower reactor inlet-outlet temperatures, followed by a
second stage at slightly higher reactor inlet-outlet temperatures. This approach was

shown to be successful in obtaining coatings with lower permeabilities.

The smallest equivalent thickness obtained with the above approach was 210 pm for
the only coating synthesized with a gas permeance value lower than 10 mol/m?.s.Pa,
in these initial two staged experiments. This coating was obtained with 3 hours of first
stage at reactor inlet-outlet temperatures of 45-50°C, followed by 2 hours of second

stage at reactor inlet-outlet temperatures of 55-60 °C.

Two staged synthesis approach was further investigated by keeping one of the first or
second stages same and changing the reactor inlet-outlet temperatures of the other
stage. The change in reactor inlet-outlet temperature in the second stage affected the
coating thickness more significantly, while it affected the gas permeance less. The
effect of the temperature change of the first stage against the temperature changes of
the second stage was observed to be more striking. As the temperature of the first stage
increased in the range tested in these experiments, both the equivalent coating

thickness and the gas permeance values decreased.

The coating obtained from the experiment with the reactor inlet-outlet temperatures of
45-50 and 50-55 °C in the first and second stages, carried out for 3 and 2 hours,
respectively, was observed to have an equivalent thickness value of 112 um, almost
half the value of 210 pm for the previous coating obtained at 45-50 and 55-60 °C. The

actual effective thickness value of the coating across which gas permeation takes place
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is expected to be lower than the equivalent thickness value calculated, for the
substrates used in this study. Both of these coatings had sufficiently low gas permeance

values lower than 10 mol/m?.s.Pa.

Finally, the results of XRD and TGA analyses revealed that both of these coatings with

low gas permeabilities were highly crystalline zeolite A coatings.
Next stages of research might focus on:

e amore detailed optimization of the system parameters, which were observed to be
highly interconnected, in order to prepare even thinner coatings with low

permeabilities,

e testing of the prepared coatings with chosen separation applications, such as

pervaporation applications,

e improvement of the gas permeation system to make the measurement of permeance

values lower than 10" mol/m?.s.Pa possible,

e integrating seeding to the coating procedure in order to obtain fully crystalline,

thinner and inter-connected zeolite coatings in shorter synthesis times, and

e possibility of improving substrate design further by using different meshes and

their combinations.
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APPENDICES

APPENDIX A. Results of Calibration Experiments

Results of calibration experiments obtained for 24x110/500 and 24x1110/500/500 type
substrates are given in Table A.1 and Table A.2. Flow rate was kept at 149.6 mL/min

in these experiments.

Table A.1 : Calibration results obtained using 24x110/500 type substrate.

. Cryostatic . Reactor Reactor Difference
Induction Ambient . between
Flow rate  water bath inlet outlet .
power . temperature inlet-outlet
(ml/min)  temperature o temperature temperature
(kW) % (°C) N N temperatures

(C) (C) (C) o
4.5 149.6 5 30.5 45.4 52.8 7.4
4.0 149.6 5 31.0 41.0 46.0 6.0
3.5 149.6 5 31.0 36.4 41.2 4.8
3.0 149.6 5 29.5 323 36.2 3.9
4.5 149.6 10 30.5 47.7 55.0 7.3
4.0 149.6 10 30.5 433 493 6.0
3.5 149.6 10 29.0 39.5 44.1 4.6
3.0 149.6 10 29.0 35.5 394 3.9
4.5 149.6 20 29.5 52.9 60.4 7.5
4.0 149.6 20 30.0 48.7 54.6 59
3.5 149.6 20 30.0 44.7 49.4 4.7
3.0 149.6 20 29.0 40.4 443 3.9
4.5 149.6 30 31.0 583 65.7 7.4
4.0 149.6 30 30.5 54.1 60.1 6.0
3.5 149.6 30 30.5 50.2 54.9 4.7
3.0 149.6 30 30.0 46.2 50.2 4.0
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Table A.2 : Calibration results obtained using 24x110/500/500 type substrate.

. Cryostatic . Reactor Reactor Difference
Induction Ambient . between
Flow rate  water bath inlet outlet .
power . temperature inlet-outlet
(ml/min)  temperature o temperature temperature
(kW) N (°C) N N temperatures

(C) (C) (C) o
4.5 149.6 5 315 43.7 50.9 7.2
4.0 149.6 5 32.5 40.7 46.4 5.7
3.5 149.6 5 33.0 35.6 40.2 4.6
3.0 149.6 5 33.5 31.1 34.7 3.6
4.5 149.6 10 32.5 45.7 52.8 7.1
4.0 149.6 10 325 40.9 46.7 5.8
3.5 149.6 10 32.0 37.7 423 4.6
3.0 149.6 10 31.0 33.6 37.2 3.6
4.5 149.6 20 29.5 50.9 58.4 7.5
4.0 149.6 20 30.0 46.4 52.1 5.7
3.5 149.6 20 31.0 42.6 47.0 4.4
3.0 149.6 20 29.5 38.6 42.2 3.6
4.5 149.6 30 30.0 55.9 63.3 7.4
4.0 149.6 30 30.0 51.9 57.5 5.6
3.5 149.6 30 30.5 48.4 52.9 4.5
3.0 149.6 30 32.0 44.0 47.7 3.7

For the substrate type 24x110/200x1400, synthesis experiments were planned at three
different flow rates. Thus, calibration experiments were repeated for each of these flow

rates. Results obtained can be seen in Table A.3, Table A.4 and Table A.5.
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Table A.3 : Calibration results obtained using 24x110/200x1400 type substrate
(Flow rate: 224.4 ml/min).

. Cryostatic . Reactor Reactor Difference
Induction Ambient . between
Flow rate  water bath inlet outlet .
power . temperature inlet-outlet
(ml/min)  temperature o temperature temperature
(kW) N (°C) N N temperatures
(°0) (°C) (°C) 0
5.0 224 .4 5 32.5 50.9 57.2 6.3
4.5 224.4 5 33.5 46.4 51.9 55
4.0 224.4 5 33.0 41.1 45.9 4.8
3.5 224.4 5 31.0 36.9 41.2 43
5.0 2244 10 33.0 55.1 61.6 6.5
4.5 2244 10 31.5 50.0 55.7 5.7
4.0 2244 10 31.0 45.1 499 4.8
3.5 224.4 10 31.5 40.3 44.6 43
5.0 2244 20 32.5 62.4 68.8 6.4
4.5 2244 20 33.0 57.6 63.3 5.7
4.0 2244 20 32.0 52.5 57.4 4.9
35 224.4 20 32.0 46.9 51.2 43

Table A.4 : Calibration results obtained using 24x110/200x1400 type substrate
(Flow rate: 149.6 ml/min).

. Cryostatic . Reactor Reactor Difference
Induction Ambient ) between
Flow rate  water bath inlet outlet .
power . temperature inlet-outlet
(ml/min)  temperature o temperature temperature
(kW) N (°C) N N temperatures
(C) (C) (C) 0
4.5 149.6 5 31.0 453 53.1 7.8
4.0 149.6 5 31.0 40.2 46.8 6.6
3.5 149.6 5 31.5 36.0 41.8 5.8
3.0 149.6 5 31.5 31.3 35.8 4.5
4.5 149.6 10 335 474 54.6 7.2
4.0 149.6 10 31.5 43.7 50.4 6,7
3.5 149.6 10 31.5 38.9 44.7 5.8
3.0 149.6 10 31.5 34.8 39.3 4.5
4.5 149.6 20 29.5 56.5 64.0 7.5
4.0 149.6 20 31.0 51.1 57.8 6.7
3.5 149.6 20 30.5 46.0 51.6 5.6
3.0 149.6 20 29.5 41.2 45.8 4.6
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Table A.5 : Calibration results obtained using 24x110/200x1400 type substrate
(Flow rate: 74.8 ml/min).

Induction Cryostatic Ambient Reactor Reactor D;gfvrzgge
uctio Flow rate  water bath inlet outlet .
power . temperature inlet-outlet
(ml/min)  temperature o temperature temperature

(kW) N (°C) N N temperatures
(°0) (°0) (°0) Q)
4.0 74.8 5 32.5 39.9 48.8 8.9
35 74.8 5 31.0 35.1 42.8 7.7
3.0 74.8 5 31.5 30.7 37.0 6.3
2.5 74.8 5 29.0 24.8 30.2 5.4
4.0 74.8 10 33.5 43.5 52.2 8.7
35 74.8 10 33.5 37.9 457 7.8
3.0 74.8 10 33.0 33.6 40.0 6.4
2.5 74.8 10 33.0 27.4 32.7 53
4.0 74.8 20 31.5 50.6 59.4 8.8
35 74.8 20 32.0 45.0 52.7 7.7
3.0 74.8 20 32.0 39.7 46.2 6.5
2.5 74.8 20 33.0 35.2 40.5 53
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APPENDIX B: XRD Results

XRD results of the samples taken from the inner and outer surfaces are compared in

Figure B.1.a and B.1.b, for the coatings obtained from A2 and A3, respectively.
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Figure B.1 : Comparison of XRD results of the samples taken from the inner and
outer surface of the substrate coated in experiment a) A2 and b) A3.

53



Effect of synthesis time on the XRD results of the samples taken from the outer and

inner surfaces of the coatings are compared in Figures B.2.a and B.2.b, respectively.
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Figure B.2 : Comparison of XRD results of the samples taken from the a) inner and
b) outer surfaces of the substrates coated in experiment A2 and A3.
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XRD results of the samples taken from the inner and outer surfaces of A5 and A6 are

compared in Figure B.3.

120
o —— AS5-Inner Surface
s 100 —— A5-Outer Surface
2
= 80
S
E 60
2
= M
o 20
e~

(=]

o
~
[\
D

120
-~ —— A6-Inner Surface
s 100 —— A6-Outer Surface
2
= 80
5
E 60
2
RN | | | UI.J ‘ H |
= ’J “1‘ |.~ ) L“”.,~‘l,ltkur“L,}.‘l» \vw ) .4\"“‘ \l '\fl V (L\ | AN ~‘\NHKJ‘M g

0
5 10 15 20 25 30 35 40 45 50

b) 20

Figure B.3 : Comparison of XRD results of the samples taken from the inner and
outer surface of the substrate coated in experiment a) A5 and b) A6.
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Effect of synthesis time on the XRD results of the samples taken from the inner and

outer surfaces of the coatings, are compared in Figures B.4.a and B.4.b, respectively.
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Figure B.4 : Comparison of XRD results of the samples taken from the a) inner and
b) outer surfaces of the substrates coated in experiment A5 and A®6.
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Figures B.5.a and B.5.b show the effect of substrate type on the coatings obtained after

3 hours of synthesis, for the samples taken from the outer and inner surfaces,

respectively.
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Figure B.5 : Comparison of XRD results of the samples taken from the a) inner and
b) outer surfaces of the substrates coated in experiment A2 and AS.
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Figures B.6.a and B.6.b show the effect of substrate type on the coatings obtained after
5 hours of synthesis, for the samples taken from the outer and inner surfaces,

respectively.
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Figure B.6 : Comparison of XRD results of the samples taken from the a) inner and
b) outer surfaces of the substrates coated in experiment A3 and A6
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