SOLVENT RECOVERY FROM PHOTOLITHOGRAPHY WASTE USING
CELLULOSE ULTRAFILTRATION MEMBRANES

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

AYGEN SAVAS ALKAN

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
CHEMICAL ENGINEERING

AUGUST 2021






Approval of the thesis:

SOLVENT RECOVERY FROM PHOTOLITHOGRAPHY WASTE USING
CELLULOSE ULTRAFILTRATION MEMBRANES

submitted by AYGEN SAVAS ALKAN in partial fulfillment of the requirements
for the degree of Master of Science in Chemical Engineering, Middle East
Technical University by,

Prof. Dr. Halil Kalip¢ilar
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. Pmar Calik
Head of the Department, Chemical Engineering

Assoc. Prof. Dr. Zeynep Culfaz Emecen
Supervisor, Chemical Engineering, METU

Examining Committee Members:

Prof. Dr. Levent Yilmaz
Chemical Engineering, METU

Assoc. Prof. Dr. Zeynep Culfaz Emecen
Chemical Engineering, METU

Prof. Dr. Birgiil Tantekin Ersolmaz
Chemical Engineering, iTU

Assoc. Prof. Dr. Erhan Bat
Chemical Engineering, METU

Asst. Prof. Dr. Emre Biikiisoglu
Chemical Engineering, METU

Date: 12.08.2021



I hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. I also declare
that, as required by these rules and conduct, I have fully cited and referenced
all material and results that are not original to this work.

Name Last name : Aygen Savas Alkan

Signature :



ABSTRACT

SOLVENT RECOVERY FROM PHOTOLITHOGRAPHY WASTE USING
CELLULOSE ULTRAFILTRATION MEMBRANES

Savas Alkan, Aygen
Master of Science, Chemical Engineering
Supervisor : Assoc. Prof. Dr. Pinar Zeynep Culfaz Emecen

August 2021, 129 pages

Cellulose flat sheet ultrafiltration membranes were fabricated for the investigation
of their separation performance in Organic Solvent Ultrafiltration (OSU)
applications and for the solvent recovery from photolithography wastes. Firstly,
cellulose acetate membranes were produced and then, these were converted into

cellulose membranes via alkaline hydrolysis.

The membranes were cast from polymer solutions containing cellulose acetate as
polymer with 20-30% concentration range, dimethyl sulfoxide (DMSQO) as solvent,
acetone as co-solvent and polyethylene glycol (PEG) as pore former agent. Before
use in photolithography waste purification, performance tuning was carried out by
changing the polymer, co-solvent, pore former composition; coagulation bath
temperature and applying the process of annealing for the main aim of obtaining
membranes having high rejection performance accompanying a reasonable
permeance. The separation performance of the membranes was tested with the
molecular weight cut-off tests and the MWCO tests were firstly done in water. Then,
the change in MWCO performance in different solvents was investigated in DMSO

and methanol. In MWCO tests, PEG probes with different molecular weights were



used for the filtration and Gel Permeation Chromatography (GPC) was used for the
analysis. In MWCO tests performed in water, the obtained MWCO range with
different membranes was 3-10 kDa. On the other hand, the MWCO tests performed

in DMSO, water and methanol for the comparison resulted in 1.3, 3 and 5 kDa.

Photolithography is a process widely used in the fabrication of microelectronic
devices and it requires high purity metal-free solvents for the process steps to prevent
short-circuit failures. In the study, the mimic of developer bath solution with
propylene glycol monomethyl ether acetate (PGMEA) consisting of 0.5-2.5 g/L SU-
8 photoresist were firstly prepared and filtered via two-stage filtration by the
cellulose ultrafiltration membranes. At the end, 91% and 80% SU-8 rejection values
were obtained for the first and second filtration stages, respectively. Then, the
permeate mixture of two-stage filtrations were tested in photolithography and the
pattern results of recycled PGMEA were compared with the pattern of the
photolithography applied with fresh PGMEA. As a result, the obtained pattern
imprinted via recycled solvent was promising and so, a critical outcome was obtained
from cost-efficiency, sustainability and circular economy aspects for the large-scale

applications in the microelectronics industry.

Keywords: Membranes, cellulose, ultrafiltration, photolithography, molecular
weight cut-off
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SELULOZ ULTRAFILTRASYON MEMBRANLARI iLE
FOTOLITOGRAFI ATIKLARINDAN COZUCU GERI KAZANIMI
UYGULAMASI

Savas Alkan, Aygen
Yiiksek Lisans, Kimya Miihendisligi
Tez Yoneticisi: Dog. Dr. Piar Zeynep Culfaz Emecen

Agustos 2021, 129 sayfa

Bu ¢alismada, organik ¢oziiciide ultrafiltrasyon uygulamalarinda ve fotolitografi
atiklarindan  ¢Ozilicii  geri  kazaniminda  seliloz  membranlarin  ayirma
performanslarinin incelenmesi i¢in seliiloz ultrafiltrasyon membranlari tiretilmistir.
Seliiloz membranlarin tiretimi i¢in, ilk olarak seliiloz asetat membranlar liretilmis ve

ardindan alkali hidroliz yontemi ile seliilloz membranlar elde edilmistir.

Membranlar; %20-30 derisim araliginda seliiloz asetat, ¢oziicii olarak dimetil
stilfoksit (DMSO), ortak ¢oziicii olarak aseton ve gozenek olusturucu olarak
polyethyelene glycol (PEG) igeren polimer ¢ozeltilerinin dokiilmesi ile tiretilmistir.
Fotolitografi atiklarinin saflagtirilmasi uygulamalarinin 6ncesinde yiiksek tutulum ve
makul bir gecirgenlik performansina sahip membranlarin elde edilmesi amaciyla;
polimer, ortak ¢oziicli, gozenek olusturucu kompozisyonlart ve koagiilasyon
banyosu sicakligi degistirilerek ve tavlama islemi uygulanarak performans
optimizasyonu gergeklestirilmistir. Membranlarin ayirma performansit molekiil
agirligr ayirma siur1 analizleri ile test edilmis ve bu testler ilk olarak sulu ortamda
gerceklestirilmistir. Daha sonra, DMSO ve metanol ortaminda membranlarin farkli

coziiclilerde molekiil agirligi ayirma sinir1 performansindaki degisim incelenmistir.

Vil



Molekiil agirhigr ayirma smirt testlerinde, farkli molekiil agirligina sahip PEG
molekiilleri filtrasyon testlerinde kullanilmig ve analizler icin, Jel Gegirgenlik
Kromatografisi yontemi uygulanmistir. Suda gergeklestirilen molekiil agirlig
ayirma sinir1 testlerinde, farkli membranlara ait molekiil agirlig1 ayirma sinir1 aralig
3-10 kDa olarak belirlenmistir. Ote yandan; DMSO, su ve metanol ortaminda
karsilagtirma amaciyla yapilan molekiil agirligi ayirma sinir1 testleri sirasiyla 1.3, 3

ve 5 kDa degerleriyle sonu¢lanmustir.

Fotolitografi, mikroelektronik aletlerin fabrikasyonunda yaygin olarak kullanilan bir
yontem olup islem asamalarinda kisa devre arizalarinin engellenmesi igin metal
icermeyen yiiksek saflik diizeyine sahip ¢oziiciilerin kullanimin1 gerektirmektedir.
Bu c¢alismada, tab banyosunun sentetik olarak elde edilmesinde 0.5-2.5 g/L
konsantrasyonunda SU-8 fotorezisti igeren propilen glikol monometil eter asetat
(PGMEA) c¢ozeltileri hazirlanmis ve seliiloz ultrafiltrasyon membranlart ile iki
asamali filtrasyonda filtrelenmistir. 1. ve 2. filtrasyon asamalarinin sonunda sirasiyla
%91 ve %80 SU-8 tutulum degerleri dl¢iilmiistiir. Ardindan, iki agamali filtrasyonda
elde edilen siiziintiilerin karisimi fotolitografide test edilmis ve geri kazanilmis
PGMEA’de elde edilen desen sonuglari, saf PGMEA ile uygulanan fotolitografinin
desen sonuglariyla karsilastirilmistir. Sonug olarak, geri kazanilmis ¢oziicti ile elde
edilen desen umut vaat eden nitelikte olup; mikroelektronik endiistrisindeki biiyiik
Olgekli uygulamalar i¢in maliyet etkinligi, stirdiiriilebilirlik ve dongiisel ekonomi

cergevesinde kritik bir ¢ikt1 elde edilmistir.

Anahtar Kelimeler: Membranlar, Seliiloz, Ultrafiltrasyon, Fotolitografi, Molekiiler

Agirlik Ayirma Sinirt

viii



To my precious Mother & Father
and

My better half



ACKNOWLEDGMENTS

First of all, I would like to mention mt special thanks to my advisor Assoc. Prof. Dr.
Zeynep Culfaz-Emecen for her support, vision, effort and mentorship. I am truly
impressed and inspired by her innovative approach to issues. Thanks to her, my

approach to science, research and engineering improved day by day.

| would like to remark and emphasize my gratefulness to my mother and father
Nurcan & Adnan Savas for all their endless and termless love, support, guidance and
patience for all my career journey and everything. They raised me from every aspect
to the point where | am, so | owe all my achievements to them. As the child of two
engineers, | always wanted to be a chemical engineer and desired to study in Middle
East Technical University (METU) because my mother also was alumni of METU
Electrical — Electronics Engineering department. Hence, | am so happy that | realized
my dream. Besides, I am thankful to my better half Firat Alkan for all his lovely,
supportive and appreciative approach to me and my effort during this challenging
journey. I am so lucky to have my family for all their endless love and support, they

always believed in me and my dreams.

To my colleagues, |1 would like to thank my labmates for all their support. Especially,
I have learnt lots of things from Zeynep imir and she always guided me in a lovely
and patient way when | needed her. | would like to mention Toprak with all her
energy and sympathy, she made me smile and supported me in any case. Besides, |
would like to thank Ecem for her kind guidance and support. Inaddition, I also thank

Begiim, Perihan, Onur, Seden, Ceren, Berk, Feyza, Fatma and Isin.

| would like also to mention my special thanks to Asst. Prof. Dr. Emre Biikiisoglu
for all his support and The Scientific and Technological Council of Turkey
(TUBITAK) for the grant of the project coded 218M509 related to my thesis study.



TABLE OF CONTENTS

ABSTRACT ettt ettt n e v
OZ oo vii
ACKNOWLEDGMENTS ...ttt X
TABLE OF CONTENTS ...ttt Xl
LIST OF TABLES ... ..ottt Xiv
LIST OF FIGURES ...ttt XV
LIST OF ABBREVIATIONS .......ooiiie e XViii
1 INTRODUCTION ...ooiiiiiiieiiie ettt nree s 1

1.1  Membrane Classification and Transport Mechanism..............ccccccevvereennens 3

1.2 Membrane Filtration in Organic Solvent Media............ccccevvevvevciieieennns 8

1.3  Cellulose as a Membrane Material for Filtrations in Organic Solvents... 13

1.4 Cellulose Membrane Fabrication by the Alkaline Hydrolysis of Cellulose

Acetate MEMDIANES .....oouviiiiiiiiiie e 15
1.5 Morphology Control of the Cellulose Membranes.............ccccoevviennnnee. 16
1.5.1 Polymer Type and Composition of the Casting Solution ................. 16
1.5.2  Casting Solution Solvent Selection............ccocvvviieieiiience 17
1.5.3  Pore Former Use in the Casting SOIUtion ...........ccccceovvineiciciennnn 18
1.5.4  Co-solvent Use in the Casting SOIULION ...........ccccvvvviiiineicicieen 20
1.5.5 Coagulation Bath TEMPerature ..........cccooevereninienieienenese e 24
1.5.6  Annealing after Coagulation ...........c.ccceeeiieiiiie i 24

Xi



1.6 Molecular Weight Cut-off Tests for the Membrane Characterization......26

1.7  Solvent Waste Management in the Electronics Industry ............cccccceeneen 27
1.8  Solvents in the Electronics INAUSEIY .......c.cccveviiiiieiie e 30
1.9 Photolithography Process Steps and PhoOtoresists..........ccoocevvevvrerinennenn. 35
110 AM OF STUAY ....viiiieiiee ettt 38

EXPERIMENTAL METHODS .......oooiiie e 39
2.1 MALEIIAIS ..o 39
2.2  Preparation of the Membrane Casting SOIUtioN............ccccoveviiinieiiiienn. 39
2.3 Membrane Fabrication ProCeaure..........ccoeiiieiiniinieieie e 40
2.4 Membrane Characterization and Performance TestS..........cccceovrvneiennnnes 44

2.4.1  Solvent Permeance TESES........coviiireininiiei s 45

2.4.2  Solute REJECTION TESES ...cviieieiieeiicie e 46

2.4.3  Molecular Weight Cut-off (MWCO) TeStS.......cccevvevvrieieeiesiennn 48
P T 1o o] [ B =T £SO TP SPR 50
2.6 SWEIIING TOSES...eiiiiiiitieiie et 50
2.7  Gel Permeation Chromatography (GPC) ........cccccevviiiiiiiieiieesic e 51
2.8 UV-VIS SpectrophotOmMELrY .........cooveiieiiiiiiiesieeeeeeie e 52
2.9 ATR-FTIR SPECIIOSCOPY ....vvevviieeiieirisiieitieie sttt 52
2.10 Scanning Electron Microscopy (SEM) .......ccccooviiiiiiiiiiinine e 53
2.11 Elemental ANalYSIS ......cccooiiiiiiiiiiieee e 53
2.12 Photolithography Process DetailsS ...........ccccoviiiiiiiiiniiieiese e 54

RESULTS AND DISCUSSION......coiiiiiiiiiiesie e 55
3.1  Alkaline Hydrolysis of Cellulose Acetate Membranes..............ccccceevennen 55
3.2 Membrane Morphology ........cccccieiiiiiiieie e 59

xii



3.3  Membrane Characterization and Performance TeStS.......cccceeevvveeevceeenennn. 62

3.3.1  Effect of the Alkaline Hydrolysis of the PWP and Blue Dextran (20
KD@) REJECHIONS.......eveiiiiiieiieieesie et 62

3.3.2 Effect of the Morphology Tuning Factors on the Pure Water
Permeance and MWCO of Cellulose Membranes...........ccoocevvieiencncnennnn 64

3.3.3  Pure Solvent Permeance and MWCO Test Performance of Cellulose

Membranes in Different SOIVENTS ......coooeeeeeeeeee e 70

3.4  Photolithography Waste Purification ...........c.ccccocvviiieniiiiiciie e, 78

34.1 SU-8 Resin Elemental Analysis for Photo Acid Generator

CONCENTIATION DEIECTION ... eeeeeeeneeeeneenneennnnees 79
3.4.2  SU-8 and Photo Acid Generator UV-VIS Spectra.........cccccoceverennnne 80
3.4.3 Pure PGMEA Permeance of the Membranes............cccuuvvvvevevvenennnnnns 83

3.44 PGMEA Permeance and SU-8 Rejection Performance During SU-8

FIIEration TESES ...oveeiiieiiee e 84
3.4.5 Photolithography Performance of the Recovered Solvent................ 90

4 CONCLUSION ...ttt 93
REFERENGCES ... .ottt 95
A.  Calibration Graphs .........cooeiiiiii e 117
B. Membrane Rejection Sample Calculation..........ccccooeiiiniiiiiicns 123
C.  Membrane Surface SEM IMageS.........ccceruereiirininiiieieiee s 124
D.  Elemental Analysis PAG Concentration Calculation.............c.cc.ccoeee. 125
E. SU-8 Calibration Mixture Concentration Calculation and Mixture

e =TTV LA o] o SR SPSPSSN 126
F. Blue Dextran Rejection ReSUILS ..........ccevveviiieiiece e 127
G.  Hansen Solubility Parameters in Different Solvents............ccccccevevneenee. 129

Xiii



LIST OF TABLES

TABLES
Table 1.1 Membrane filtration ranges based on pore Size..........ccccevvevvevesieeseennn, 6
Table 1.2 OSN membrane materials in the literature ............cccoeeeviievie e, 10

Table 1.3 Casting solution compositions in the literature for CA membranes ....... 21

Table 1.4 Photolithography Applications 25015 ..., 35
Table 1.5 Photolithography Steps®21%3 ..., 36
Table 2.1 Membrane fabrication StEPS ..........ccvveiiieiiiiiii e 41
Table 2.2 Membrane codes and casting solution Compositions .............cc.ccecveeeneee. 42
Table 2.3 Membrane codes and applied processes during fabrication.................... 42
Table 2.4 Photolithography process steps and detailS...........ccccccevveviiiieiecieiiennnn 54

Table 3.1 ATR-FTIR Spectra O-H /C=0 Peak Area Ratios of the Cellulose
Membranes Fabricated via Alkaline Hydrolysis at Different NaOH Concentration
Y0 ] 111X o] SR URORPSSRRR 57
Table 3.2. Solvent chemical structure, viscosity, swelling ratio of dense cellulose

film, molecular weight, molar volume and pure solvent permeance data............... 74
Table 3.3 SU-8 resin elemental analysis percentages .........cccccevvvevivveviesiieesiecneenn, 79
Table B.1 Rejection calculation data................ cooooiiiiiiiiiiiiieae, 123
Table G.1. Hansen solubility parameters in different solvents........................ 129

Xiv



LIST OF FIGURES
FIGURES

Figure 1.1. Costs of waste Classification.............cccocveiiieiiiiiiic s 1

Figure 1.2. Membrane transfer mechanisms: Pore flow model (left side) and solution

diffusion model (NGt SIAR) .....c.veviiiiice e 3
Figure 1.3. Membrane taxonomy Chart............c.cccoveiieiiiieni e 5
Figure 1.4. Integrally skinned asymmetric membrane structure.............ccccccevvveenen. 6
Figure 1.5. Ternary phase diagram®............ccccevvieveieeeiiiceeiieeeseee e 7
Figure 1.6. Alkaline hydrolysis reaction...........ccoceveiineneii i 15
Figure 1.7. Molecular weight cut-off (MWCO) determination ...............cc.cccevvenene 26
Figure 1.8. Circular BCONOMY ........cooiiiiiiiiie et 28

Figure 1.9. Solvents with their functions in the microelectronics industry 122130 30

Figure 1.10. Solvent categorization by the solvent market annual size in the........ 31
Figure 1.11. Crosslinking reaction of SU-80 . ...........ccccoviiiiiieeeeee e, 37
Figure 2.1. Casting solution preparation StePS........cccvvveirieerieiieesie e 39
Figure 2.2. Dead-end filtration module.............ccceiiiiiniiiieee e 44
Figure 2.3. Crossflow filtration module............coooiiiiiiiiiee s 44
Figure 2.4. MWCO test in crossflow module ...........cccooveviiiiiece e 48
Figure 2.5. MWCO test in crossflow module............ccoooveeiiiiiicie i 51
Figure 3.1. FTIR Spectrum of the Cellulose Acetate Membrane Sample .............. 56
Figure 3.2. FTIR Spectrum of the Cellulose Membrane Sample Obtained in Aqueous
0.05 M NaOH SOIULION .....ccviiiiiiiiieee s 56
Figure 3.3. ATR-FTIR spectra of CA30P10A10-AH......cccooiiiiiiieieec e 58
Figure 3.4. Cross-sectional SEM images of membranes............ccccceoeveiencncnnnnnns 61

Figure 3.5.Pure water permeance comparison of cellulose acetate and cellulose
MEMIDIANES ...ttt ettt bbbt e st e st et et et sbenbesneene s 62
Figure 3.6. Pure water permeance and Average MWCO trend of the membranes. 64
Figure 3.7. MWCO curves of cellulose membranes............ccccovvvveviiiiicinnnnenn. 65
Figure 3.8. Effect of annealing on permeate flux and salt rejection cellulose acetate

FEVEISE OSMOSIS MEMDIANES 2 ..ot e e eteeee e e eeeeseeeeeeseseesseseestesresreeneaes 68

XV



Figure 3.9. Pure solvent permeance vs. viscosity™ data for CA25P10A10-AN-AH
MEIMDIANE ...ttt sttt s e bt et e er et e et e aseesbeenbeeneesreenae e 70

Figure 3.10. Pure solvent permeance vs. viscosity data for CA20P10-AH

MEMIIANE ...ttt bbbttt et bbbt ne e nes 72
Figure 3.11. MWCO test results in different solvents...........ccccevveviiiiiiiie e, 75
Figure 3.12. DLS results of PEG20K in Methanol (left), Water (Middle) and DMSO
(FTGNE) e bbbt 76

Figure 3.13. UV-VIS spectra of PAG salt (in PGMEA) proportional to SU-8

concentration, SU-8 feed, 1%t and 2" stage permeates of SU-8 filtration, 0.025 wt%

PAG salt in PGMEA (a), zoomed version of the main spectra (b) .......cccccervvenene. 80
Figure 3.14. Water and PGMEA permeance comparison of the membranes ......... 83
Figure 3.15. SU-8 rejections and water MWCO values of the membranes............. 84
Figure 3.16. SU-8 rejection and PGMEA permeance of CA25P10A10-AH
membrane during FIItration............cccceiii i 86
Figure 3.17. SU-8 rejection and PGMEA permeance of CA25P10A10-AN-AH
membrane during FIltFatIoN ............cooiiiiiie s 86
Figure 3.18. SU-8 concentration path during filtration..............cccccoeveveiieiveee. 88

Figure 3.19. SU-8 rejection and Permeance/PSP data at the end of filtration stages

Figure 3.20. Starry imprinted surface via photolithography before UV exposure..90
Figure 3.21. Microscope images of starry pattern after developer bath step with
recycled solvent (upper right and bottom) and fresh PGMEA solvent (upper left) 91
Figure 3.22. SEM images of starry pattern imprinted by fresh developer solvent (left)

and recycled solvent (NGNL) .......coooeiiii 91
Figure 3.23. Starry pattern imprinted by fresh developer solvent (left) and recycled
solvent (right) at X750 magnification ............ccccoiiieiiiiiic e 92
Figure A.1. MW(Da) vs. RT(mins) relation graph for the GPC calibration.........118
Figure A.2. PEG 400 Da calibration graph..............cocooiiiiiiiii 118
Figure A.3. PEG 2 kDa calibration graph...............coooiiiiiiii 119
Figure A.4 PEG 6 kDa calibration graph...............ccocoiiiiiiiii e, 119

XVi



Figure A.5. PEG 10 kDa calibration graph................coocoiiiiiiiiiiiii 120

Figure A.6. PEG 20 kDa calibration graph..............cooiiiiiiiiiiiiie, 120
Figure A.7. Blue Dextran 5 kDa calibrationat 620 nm......................ooiels 121
Figure A.8. Blue Dextran 20 kDa calibration at 620 nm............................... 121
Figure A.9. SU-8 Calibration at 277.5 Nnm............ooiiiiiiiiii e, 122
Figure A.10. SU-8 Solutions UV-VIS Spectra..........cccoovviiiiiiiiiiiien, 122
Figure A.11. PAG Salt UV Spectrum (0.025 wt % PAG/PGMEA and 0.2405 g PAG
INLIEr PGIMEA) . ... e 122
Figure C.1. SEM surface images of the membranes..........................ooii 124
Figure F.1. Blue dextran and PEG probes' rejection comparison...................... 127

XVil



LIST OF ABBREVIATIONS

ABBREVIATIONS

um : Micrometers
AH . Alkaline Hydrolysis
AN : Annealed

ATR-FTIR : Attenuated Total Reflectance Fourier Transform Infrared

CA : Cellulose Acetate

DMACc : Dimethyl acetamide

DMF : Dimethyl formamide

DMSO : Dimethyl sulfoxide
[EMIM]OAC : 1-ethyl-3-methylimidazolium acetate
ISA - Integrally Skinned Asymmetric
kDa : Kilo Dalton

MWCO : Molecular Weight Cut Off

NF : Nanofiltration

NMP : N-methyl-2-pyrrolidone

OSN : Organic Solvent Nanofiltration
osu : Organic Solvent Ultrafiltration
PAG : Photoacid Generator

PEG : Polyethylene glycol

PGMEA : Propylene glycol monomethyl ether acetate
PSP : Pure Solvent Permeance

PVP : Polyvinyl pyrrolidone

PWP : Pure Water Permeance

SEM : Scanning Electron Microscope
UF : Ultrafiltration

UV-VIS - Ultraviolet - Visible

XVili



CHAPTER 1

INTRODUCTION

Separation processes account for 40-70% of the capital and operational costs in
chemical processes.! The new methods with innovative process designs are
developed by the accelerating studies on the separation processes because of the
continuously increasing need of the world to recycle materials, treat wastes, and

separate complex solutions. 2

COSTS OF WASTE
Inefficient
Legislation : ' Use of Raw
Increasing Materials
Waste Supply
Disposal : ! Chain
Pressures
Hazard Health and
Evaluation Safety

Figure 1.1. Costs of waste classification

As shown in the Figure 1.1., the costs of waste involve different pressurizing aspects
like health, safety, environment and legislation in general.® At this point, the role of
the separation processes in different industries should be emphasized. From

economical point of view, the separation processes in the industries like



pharmaceutics and chemical production, have a significant portion of 40-70% of the

total operating and capital costs.!

Separation processes are used in wide range of applications in different industries to
purify the chemicals and recover the targeted components. The most conventional
separation methods are distillation, extraction and crystallization. However, more
energy and material efficient methods are required according to the conventional
methods. At this point, membrane applications gain importance as a more energy
and material efficient technology. Membranes can be defined as semipermeable
barriers which separate components according to distinguishing factors like size,
charge, affinity to membrane or diffusivity in the membrane by the aid of a driving

force such as pressure, concentration or electrical potential gradient.

The importance of membranes should be evaluated from sustainability aspect in
addition to operational efficiency. From global framework, membrane technologies
can be related to Sustainable Development Goals of United Nations. Membrane
applications have a great potential to increase sustainability in the scope of “SDG 2-
Zero Hunger, 3-Good Health, 6-Clean Water and Sanitation, 7-Affordable and Clean
Energy, 8-Decent Work and Economic Growth, 9-Industry Innovation and
Infrastructure, 12-Responsible Consumption and Production and 13-Climate
action™ with the applications in waste water treatment, pharmaceutical production,
food production operations and all chemical recovery processes aligned to circular
economy. The membrane application areas should be increased with these
environmental, health and safety concerns to protect the environment, humanity and
the biodiversity. In this study, cellulose UF membrane fabrication for the solvent
recovery from photolithography waste, which is a process used in the manufacturing

of microelectronics, was studied.



1.1 Membrane Classification and Transport Mechanism

The driving force of the membrane separation processes are mainly pressure,
concentration and electrical potential gradient.® Under the existence of driving force,
the transport mechanism through the membrane occurs in the form of pore flow

and/or solution diffusion models.

i

Figure 1.2. Membrane transfer mechanisms: Pore flow model (left side) and
solution diffusion model (right side)

The pore flow model (left side) and solution diffusion (right side) transport models
are illustrated in Figure 1.2. As can be seen in the figure, pore flow model is a size-
based transport mechanism. By applying Hagen Poiseuille’s equation shown in
equation 1 in the pore flow model, the permeants pass through the cylindrical
capillary pores, with diameter d, in the membrane with € porosity and ¢ thickness by

the convective flow with the effect of the pressure gradient.®

AP - ¢

]=32-u-l'd2 M

For the membranes for which pore flow model is applicable, the pore size of the
membrane can be calculated via rejection of the membrane for probes with known

radius by Ferry-Renkin equation shown in equation 2.



Rejection = [1 ~2(1- %)2 +(1- 2)4] x 100% @)

In Ferry-Renkin equation, a and r represent for solute radius and pore radius,

respectively.

On the other hand, solution diffusion model takes place with the dissolution and the
diffusion of the permeants through the membrane driven by the concentration
gradient.®> In this model, permeability showing the transmission of the permeants
through the membrane material affects separation performance. Permeability of a
species can be calculated by multiplying its partition coefficient, or solubility, in the
membrane and its diffusion coefficient in the membrane. Permeance showing the
transmission rate of the permeants through the membrane can be calculated by the

permeability divided by membrane thickness.®

Membranes generally can be classified according to their pore size range, structure
and material type. The subclasses of this classification are represented in Figure
1.3.56
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Figure 1.3. Membrane taxonomy chart

According to the pore size-based classification, the membranes can be divided into
four major groups for the liquid phase separations as reverse osmosis (RO),
nanofiltration (NF), ultrafiltration (UF) and microfiltration (MF) membranes. From
transport model aspect, while solution diffusion model transport takes place in the
RO membranes, pore flow model works in UF and MF membranes. Combination of
pore flow and solution diffusion can be observed in NF membranes which are in the
intermediate region. The pore size ranges and the separation applications commonly

using these membrane processes are tabulated in Table 1.1.



Table 1.1 Membrane filtration ranges based on pore size

Membrane Class Pore Size Range’ Separation Applications!
Reverse Osmosis < 1 nm (nonporous) Monovalent ions
Nanofiltration 1-2 nm Multivalent ions, dyes, drugs
o Proteins, viruses,
Ultrafiltration 2-100 nm
macromolecules
Microfiltration >100 nm Bacteria and suspended solids

Based on membrane structure, membranes are divided into two main classes as
symmetrical and asymmetrical membranes. The subclasses of symmetrical
membranes are isotropic microporous, non-porous and electrically charged
membranes. On the hand, the asymmetrical membranes have two subgroups as
integrally skinned asymmetric (ISA) and thin film composite membranes. In this
study, ISA type flat sheet cellulose membranes were fabricated. ISA type membrane
structure is presented in Figure 1.4. As can be seen in the following figure, ISA type
membranes have a selective denser top layer and more porous sublayer in the
membrane structure. These membranes were firstly produced by Loeb-Sourirajan so,
ISA membranes were also mentioned as Loeb-Sourirajan type membranes which are

fabricated via phase inversion method.>8

@)

Figure 1.4. Integrally skinned asymmetric membrane structure



The phase inversion method can be applied by two methods as nonsolvent induced
phase separation (NIPS) and thermally induced phase separation (TIPS) techniques.®
The ternary phase diagram relevant to NIPS type phase inversion method is
illustrated in the Figure 1.5 with qualitative points for an exemplified NIPS process.
In the scope of this study, NIPS type phase inversion method was applied while
fabrication of cellulose acetate precursor membranes. Cellulose acetate, DMSO,
water, acetone and polyethylene glycol (PEG) were used as polymer, solvent,
nonsolvent, co-solvent and pore former respectively. After the fabrication of the
cellulose acetate membranes, the membranes were regenerated into cellulose

membranes via alkaline hydrolysis.
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Figure 1.5. Ternary phase diagram®



1.2 Membrane Filtration in Organic Solvent Media

Organic solvents are used in wide range of industrial processes for different
purposes. The industries mostly using organic solvents can be exemplified as
petrochemical, polymer, dye, plastic, textile, pharmaceutical, agricultural product
and electronics sectors.’® However, the separation, purification and recovery
processes in organic solvent media are mostly challenging due to harsh operational

conditions.

The conventional separation method mostly used in solvent recovery is distillation
which is energy intensive. This both increases the cost and the environmental
impact.** Thus, more energy efficient and cost-effective solutions which are easily
scalable are necessary and membrane processes offer a promising alternative from

these aspects.

Although the membranes are easily and widely used in aqueous media, their use in
organic solvents and extreme conditions like highly acidic or basic, high temperature
media medium is more challenging than the aqueous processes. The most important

challenge is the membrane material.

From this point of view, ceramic and polymeric membranes should be investigated
as convenient alternatives for organic solvent filtration processes with pros and cons
to achieve the separation in challenging conditions. Ceramic membranes are
especially appropriate for the processes consisting of harsh media and requiring high
operation temperatures, but they are brittle and expensive.*? On the other hand, the
production of the polymeric membranes cost approximately 20% of the ceramic
membranes and furthermore, the polymeric membranes are easily scalable are
simpler to fabricate. However, the use of polymeric membranes is more challenging
in organic solvent media and operations with high temperatures than ceramic
membranes. So, the compatible polymer material selection and/or the additional
applications such as crosslinking during the fabrication of polymeric membranes are

needed.



As the polymeric type membranes, integrally skinned asymmetric (ISA) and thin
film composite (TFC) membranes can be used in the organic solvent filtration
processes, but ISA membranes are advantageous according to TFC membranes from
cost aspect and ease of fabrication. Therefore, the separation processes with ISA
membranes fabricated with phase inversion method should be improved and adapted

to different industrial separation applications containing organic solvents.t

In the literature, the organic solvent filtration processes are mostly in the
nanofiltration (NF) range and different polymeric materials are used for organic
solvent nanofiltration (OSN) processes. Polyacrylonitrile (PAN), polyimide (Pl),
polydimethyl siloxane (PDMS), polysiloxane (Psi), polyether ether ketone (PEEK),
polyvinylidene difluoride (PVDF), polyaniline (PANI), polybenzimidazole (PBI)
and polysulfone (PS) are the polymers commonly used in ISA type OSN
membranes.! The literature examples of the applications using OSN are listed in
Table 1.2 with the type of polymeric material.



Table 1.2 OSN membrane materials in the literature

Membrane o
Reference _ Application
Material
White et al., 2000 PI Lube Oil Solvent Recovery®
Homogeneous and Heterogeneous
De Smet et al., 2001 PDMS-PAN
Catalyst Recovery**
] Polymeric Catalytic Membrane
Vankelecom, 2002 PDMS, Nafion
Reactor®®
Scarpello et al., ) Organometallic Catalyst
PI, PDMS-PSi _
2002 Separation®®
Diafiltration for Solvent Recovery
Sheth et al., 2003 PDMS _ )
in Pharmaceutics?’
Bhosle et al., 2005 PDMS-PI Vegetable Oil Deacidification?8
See Toh et al., 2007 Crosslinked PI OSN in Polar Aprotic Solvents'®
Holda et al., 2013 PS Dye Filtration in Isopropanol?°

Valtcheva et al.,

Crosslinked PBI

OSN in Acidic/Basic

2014 Environment?!
Da Silva Burgal et )
PEEK OSN in DMF and THF?2
al., 2015

Mertens, 2018

Crosslinked PVDF

Dye Filtration in DMF#

As can be seen in the table, the OSN membranes were used in a wide range of

applications. On the other hand, Organic Solvent Ultrafiltration (OSU) has a very

recent history in the use of macromolecule and nanoparticle filtrations etc.2+28

At this point, the difference between the OSN and OSU membranes should be

considered. For OSN membranes, both pore flow and solution diffusion models are

valid for the membrane transport mechanism. On the other hand, pore flow model is

more dominant for OSU. As some of the main problems of the MF and UF

membranes operations, concentration polarization and fouling are more severe in UF
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and MF membranes compared to NF. So, these problems require intense focus for

OSU according to OSN membranes as a research interest.?®

As mentioned before, most of the OSU membrane applications are very recently
published except few studies. Polotskaya et al. studied on the polyimide UF
membranes which were resistant to organic solvents and proved their resistance
against harsh organic solvents like amide solvents and swelling in 2009.2* In the
study of Pulido et al., thermally crosslinked polytriazole, polybenzimidazole and
polyoxindolebiphenylene membranes crosslinked with hot glycerol were tested at
140°C in DMF and it was shown that they kept their stability.*® In another study,
Melo et al. used ceramic UF membranes for the filtration of isopropanol-oil miscella
in ethanol and higher than 90% rejection was obtained with 5-20 kDa membranes.®
Firstly in 2018, Organic Solvent Ultrafiltration (OSU) was mentioned in the
literature by Yuan et al, which was on TFC type polyarylene sulfide sulfone (PASS)
membranes decorated by nanoparticles %2 In the study, the rejection of PASS
membranes was measured as 94%, 85% and 74% for Direct Red 23, Reactive Blue

2 and Reactive Orange 16, respectively.

In 2019, Yang et al. studied on the fabrication and characterization of polyimide UF
membranes which were solvent and acid resistant.?® In this study, the resistance of
the membrane to HCI as acid and acetone, toluene, methanol and n-hexane as organic
solvents was tested and it was reported that the performance of the membrane was
not significantly affected and the BSA rejection values were kept above 95% level.
In another study published in 2019, Jin et al. produced solvent resistant crosslinkable
polyaryletherketone (PAEK) UF membranes via phase inversion method and
showed that the membranes were resistant to even polar aprotic solvents. In 2020,
Yin et al. published two articles about a study on OSU membranes, which were
focused on the fouling behaviour.?”?8 In the studies, PAN UF membranes were tested
with acetonitrile, toluene, n-hexane, acetone, ethanol, ethyl acetate and methanol

organic solvents and aluminum, TiOz2, SiO2 colloidal foulants.
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In a study published in 2021, hybrid membranes consisting of fungal chitin
nanofibers and cellulose were used in the determination of water and organic solvent
permeance showing the ethanol and THF permeance of these membranes.®* As a
result, they observed up to 50, 40 and 20 L/h.m?.MPa permeance levels for water,
THF and ethanol, respectively. In another study, Tohidian et al. fabricated solvent
resistant crosslinked polyetherimide (PEI) UF membranes for the two step filtration
of water-toluene mixture. The crosslinking was done with diamine reagent and
approximately 95% toluene rejection was measured.® In this study, the membranes
fabricated were cellulose OSU membranes tuned for the solvent recovery application
from the photolithography wastes, which has previously not been done using

membranes.
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1.3 Cellulose as a Membrane Material for Filtrations in Organic Solvents

Polysulfone (PS), cellulose acetate (CA), polyacrylonitrile (PAN), polyvinylidene
fluoride (PVDF) and cellulose are the main materials commonly used for membrane
fabrication.!? The increasing need to renewable sources and the threat of
environmental pollution make the utilization of natural polymers more crucial to
create new materials and applications. Furthermore, cellulose with no further
modification or treatment has excellent stability in even the harshest polar aprotic

solvents.

Cellulose, chitosan and chitin are in the forefront of sustainable biomaterials.*
Cellulose as the most abundant polymer on earth is the most commonly used one
among these. In most of the applications, cellulose should be dissolved to be shaped
into a new material with different characteristics and properties. By the aid of these
cellulose solutions, cellulose and cellulose based composite materials can be used to
fabricate materials such as membranes, fibers, films, bioplastics, microspheres,
beads, hydrogels and aerogels.®” lonic liquids like [EMIM]OAc, [EMIM]CI,
LiCI/DMAc, molten inorganic salt hydrates, metal complex solutions, n-
methylmorpholine-n-oxide (NMMO), tetrabutyl ammonium fluoride/DMSO
system, aqueous NaOH, NaOH/thiourea and alkali/urea solutions were used to

dissolve the cellulose in the literature.3’4°

Solvent resistance of cellulose creates a potential in wide range of industrial
applications. Because of the intermolecular and intramolecular hydrogen bonding in
the cellulose structure, it does not dissolve in most of the protic and aprotic solvents

which dissolves most of the synthetic polymer based membranes.3640-43

There are no examples of the OSU applications with cellulose membranes in the
literature. However, there are studies about OSN applications of cellulose
membranes. Anokhina et al. studied on cellulose based OSN membranes and
obtained 76% Remazol Brilliant Blue R rejection with 0.40 kg/m2.h.bar DMF

permeance.** Falca et al. studied on cellulose hollow fiber membrane filtrations for
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dye solutions. The highest rejections were obtained with 90% and 100% Congo
Red dye rejections in ethanol and water, respectively.*® Durmaz et al. produced
cellulose membranes cast from cellulose-[EMIM]OAc mixtures and obtained 80%
Bromothymol Blue and 90% Blue Dextran (20 kDa) rejections and in ethanol.® In
another study in our research group, Sukma et al. fabricated cellulose membranes
from cellulose - [EMIM]OAc mixtures and Bromothymol Blue rejection as 69.8%
with accompanying ethanol permeance of 8.4 L/m2.h.bar was obtained with the
membrane cast from the casting solution having 12% cellulose dissolved in
[EMIM]OAC as solvent and acetone as co-solvent with pre-evaporation step.*® The
highest rejection was obtained as 94% with accompanying ethanol permeance of 0.3
L/m?.h.bar with the membrane cast from 20% cellulose, 80% [EMIM]OAC solution
and dried after coagulation, in the study of Sukma et al. Konca et al. produced
cellulose membranes crosslinked via 1,2,3,4-butanetetracarboxylic acid and cast
from 12% cellulose, 25% acetone as co-solvent and 63% [EMIM]OAC casting
solutions and 93% Rose Bengal dye rejection in DMSO was obtained with

crosslinked cellulose membrane.*’

In this study, cellulose acetate membranes were firstly produced and then
regenerated into cellulose UF membranes. The membranes were tested in the
MWCO tests in several solvents with PEG probes and SU-8 photoresist filtration
tests in propylene glycol monomethyl ether acetate (PGMEA) solvent. As the first
step of the study, the tuning procedure of the cellulose membranes are done, and
promising results are obtained in the OSU applications in the concept of study.
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1.4 Cellulose Membrane Fabrication by the Alkaline Hydrolysis of
Cellulose Acetate Membranes

In most of the studies in the literature, cellulose membranes were fabricated from
cellulose-ionic liquid casting solutions via phase inversion. However, this method
has some disadvantages like the high viscosity and cost of the ionic liquids. Actually,
the use of casting solutions containing cellulose as the polymer is not the only way
of the cellulose fabrication. By fabricating cellulose acetate membranes, it is also
possible to produce cellulose membranes via deacetylation of the cellulose acetate
membranes with alkaline hydrolysis. The alkaline hydrolysis process including the
removal of the acetate groups takes place in an alkaline medium and this alkaline
medium used for the regeneration process in the literature changes. The alkaline

hydrolysis process is shown in the Figure 1.6.

Acetate Hydroxyl
Groupeh, Group
=, Alkaline OH
gw © > JHo 0
[ © Solution 0
T . o .
Cellulose Acetate Cellulose

Figure 1.6. Alkaline hydrolysis reaction

In the literature, 0.05 M NaOH-water “84° 0.05 M NaOH-ethanol “¢*°, 0.5 M KOH-
ethanol °! solutions were used for the deacetylation of the fibrous membranes and
cellulose acetate films. The required time for the complete deacetylation changes
according to the concentration of the alkaline solution and it is possible to verify the

degree of deacetylation by using FTIR analysis.
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1.5  Morphology Control of the Cellulose Membranes

The morphology of the polymeric membranes made via NIPS is mostly affected by
the polymer content, solvent type, co-solvent type, pore former agent used in the
casting solution, the coagulation bath temperature and the annealing procedure

applied after the coagulation process. %24

151 Polymer Type and Composition of the Casting Solution

As one of the main factors affecting membrane morphology, polymer type and the
concentration in the casting solution should be considered. In the literature, it was
shown that the porosity of the membranes fabricated via Loeb-Sourirajan phase
inversion method decreases with the increasing polymer composition in the casting
solution.>>>°" This is typically accompanied by a decreasing pore size. In the
literature, Madaeni et al. showed that the increase in the polymer content of the
casting solution resulted in a change in pore size and a significant permeance
decrease with PVDF (polyvinylidene difluoride) membranes.*® Sani et al. reported
that the solvent permeance decreased and the rejection of dye increased with
increasing PPSU (polyphenylsulfone) concentration in the casting solution with the
performed solvent resistant nanofiltration applications by using ethanol, isopropanol,
methanol as solvents and increasing polymer concentration from 17% to 25%.°°
Holda et al. stated that the Rose Bengal rejections were doubled and isopropanol
permeances were dropped to 10% of the initial permeance with an increase in PS
(polysulfone) composition in the casting solution from 13% to 25%.2° Imir et al.
observed that the rejection of PES (polyethersulfone) in NMP decreased with the
decreasing CA composition in the casting solution.®® By the same way, the polymer
content of the casting solution was varied to tune the membrane characteristics to

improve the rejection performance of the cellulose membranes in this study.
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152 Casting Solution Solvent Selection

The solvent type used in the membrane casting solution affects the morphology and
the performance of the membrane. Even if the polymer type used in the membranes
are the same, the filtration range can differ according to the solvent because
interactions between the casting solution solvent and polymer, co-solvent, pore
former, coagulation bath nonsolvent affect the membrane separation performance
with the changing pore sizes and interconnections between pores. While analyzing
the polymer-solvent interactions, it should be considered whether the selected
solvent is good solvent for the polymer or not. If the solvent is good solvent for a

polymer, the polymer coils are in more enlarged form.5!

In general, weak solvent use in the casting solution cause slow demixing and
symmetrical, microporous structure and good solvent lead to asymmetrical
membrane having skin layer and macrovoids. In literature, Tsai et al. studied on the
effect of solvent quality on the morphology of membrane fabricated via NIPS
method. It was shown that poor solvent use such as 2-pyrrolidone resulted in highly
porous polysulfone (PS) membranes having interconnected pores compared to the
membranes cast from n-methylpyrrolidone solution as a good solvent.5? Yeow et al.
showed that use of weak solvents caused a sponge-like porous morphology while
dimethyl acetamide (DMACc) as stronger solvent resulted in the formation of
macrovoids for PVDF membranes.®® Guillen et al. stated that it is only possible to
reduce pore size of polyacrylonitrile (PAN) membranes in strong polar solvents like
NMP, DMF and DMACc due to the poor solubility of PAN in most of the solvents.%*
In another study, PVDF membranes cast from trimethyl phosphate (TMP) solution,
which is a poor solvent for PVDF, resulted in sponge-like structure, while the
membranes cast from DMAC as a stronger solvent led to asymmetrical membranes.®
Therefore, the different casting solution solvents used in the cellulose acetate
membrane production in the literature are listed in the Table 1.3. The solvent of the

casting solution in the experiments performed for this study was DMSO as a stronger
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solvent and more environmentally friendly solvent alternative compared to other

solvents like NMP, formamide etc.

153 Pore Former Use in the Casting Solution

The permeance-rejection trade-off is one of the most significant factors playing role
on the selection of the membrane type when the separation application is especially
for a known probe. To improve the permeance performance of the membranes,
casting solutions additives are used in the literature with specific purposes. Pore
former create one of the major groups of the casting solution additives. The purposes
of the pore former additive use are to enhance porosity, improve the interconnectivity
of the pores, to suppress the formation of macrovoids. Liu et al. stated that PVP,
PEG, PEO, LiCl, ZnCl2 and glycerol were used as the pore former agents in the
literature and they used PEG as pore former in PES-NMP casting solutions to
increase the water permeances of the membranes.>® In another study, Ma et al. used
PEG400 as pore former agent in polysulfone/clay-DMACc casting solution with the
same purpose.®® In the research of Roy et al., the effect of the pore former agent’s
molecular weight was investigated with PVC-DMAc and PVC-NMP UF membrane
systems via PEG400, PEG4000 and PEG20000 Da. As a result, it was reported that
the porosity of the membranes increased with increasing molecular weight of PEG
pore formers.®” In the study of Panda et al., it was searched for the effect of the
molecular weight and the concentration of the PEG pore former in the casting
solution with the experiments performed with PAN (polyacrylonitrile) membranes.
Eventually, it was stated that the increase in the PEG molecular weight make the
membrane more porous at the same concentration, BSA rejections were not so
affected by the pore former use and still the lowest MWCO was measured with the
low molecular weight pore former use by PEG200 and PEG400 additive usage.®®
Therefore, the use of low molecular weight pore formers can be a better option to
obtain high permeance and low MWCO at the same time. Additionally, pore former

agents with low molecular weight can be completely removed during coagulation
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and it is advantageous because the solvent stability can be kept by this way. The pore
former agents commonly used in the cellulose acetate membrane casting solutions
were PEG and PVP in the literature.%® Arthanareeswaran et al. found that both PVP
and PEG additives to CA/PES blend polymer solutions increased the permeance with
higher porosity but the PVP use decreased the egg albumin protein rejection more
than PEG did.” In the light of such information, PEG400 additive use with 10%
casting solution concentration was applied in this study.
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154 Co-solvent Use in the Casting Solution

In membrane processes, an increase in the rejection performance is aimed without
lowering the permeance. Co-solvent use followed by a pre-evaporation step before
coagulation is one of the methods used for this reason to obtain a membrane having
a tighter skin layer with increasing rejection. In the literature, there are different
examples of co-solvent use, but cellulose and cellulose acetate membranes are
especially searched for by considering the focus of this study. Acetone is one of the
mostly used co-solvent additives for cellulose and cellulose acetate membranes
because it is very volatile and not toxic. Kim et al. searched for the effect of the
acetone addition as co-solvent on the cellulose acetate membranes fabricated from
ionic liquid-polymer mixtures and it resulted in improved mechanical properties and
better separation performance.” In another study, CTA/CA based FO membranes
prepared in 1,4-dioxane-acetone solvent mixtures were studied by Nguyen et al.”? It
was reported that the reduction in the co-solvent ratio resulted in less evaporation of
solvent and looser skin layer because of the higher volatility of acetone as co-solvent
than the solvent by mentioning the study of Bokhorst et al..”>”® Sukma et al. also
produced cellulose membranes by using acetone as co-solvent and 1-ethyl-3-
methylimidazolium acetate ([EMIM]OAC) as the solvent of casting solution and it
was reported that the dye rejection performances became better and ethanol
permeances increased with the co-solvent use. So, acetone was added and pre-

evaporated also in this study as co-solvent.*
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Table 1.3 Casting solution compositions in the literature for CA membranes

Reference

Casting Solution Content

Performance

Nunes et al., 1986

CA and ternary solvent of acetone, acetic

acid, water 7

Schwarz et al.,

17.5- 21% CA, Solvent:

85-91 % PEG rejection

1989 Acetone:Formamide (3:2 v%) "
Murphy et al., 17% CA, 48-61% Acetone, 22-31%
1995 Formamide 7
BSA, EA and pepsin

Arthanareeswaran 10-21% CA 72-82%DMF 2.5-10% PEG o

rejection of 77%, 64%
et al., 2004 600 7 )

and 49%, respectively

BSA, PEG and sucrose
Ferjani et al., 17-20% CA and Acetone/formamide (2:1) rejection of 80-99%,
2005 mixture 78 77-94% and 51-66%,

respectively

Duarte et al., 2007

45.77% Dioxane, 17.61% Acetone, 8.45%
Acetic acid, 14.09% Methanol, 9.86%
CDA, 4.22% CTA, 0.5% cellulose fibers

in total content of polymer 7

70-80% salt rejection

Arthanareeswaran

8.75-17.5%CA, 82.5% DMF and the rest is

93% BSA rejection

et al., 2007 PVP or PEG 600 %

Arthanareeswaran 94% BSA and 80%
17.5% CA 82.5%DMF & o

et al., 2008 trypsin rejection

Saljoughi et al.,

15.5% CA, 0-6% PVP, Solvent: NMP 8

2009
Cano-Odena et 12-22% CA, 2.4-21%Methanol, 41-56% 92-98% lbuprofen
al., 2011 Dioxane, 20% Acetone 3 rejection

Nolte et al., 2011

7% CDA, 7% CTA, 45.7% dioxane,
17.6% acetone, 8.5% acetic acid and

14.2% methanol 8

80-85% salt rejection

Medina-Gonzalez

16-20% CA, Solvent: Methy! Lactate %

MWCO lower than 500

etal., 2011 kDa
Ghaemi et al., 17% CA, 1.5% PVP, Solvent: 70-98% DNSA and 50-
2012 Acetone:Formamide (2:1 v%) % 90% PNP rejection
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Ranaetal., 2012

17% CA, 69.2% Acetone, 12.35% Water,

1.45% Magnesium Perchlorate &

23.5 L/m? .h water flux,
87% NaCl Rejection,

60%  Carbamazepine

Rejection, 59%
Ibuprofen  Rejection,
85%  Sulfamethazine

Rejection

Krason et al.,
2016

18% CA, 1-4% PVP, Solvent:DMF 88

20% rejection for iron

or copper solution

Afzal et al., 2016

The weight ratio of
CA:PEG:Acetone:Distilled Water;
7.2:2.8:100:3 &

30% salt rejection

Waheed et al.,
2016

10.4-10.2 % CA, 69-72.5% Acetic Acid,
6.2% PEG, 4.3-10.2% Glycerol, 4.5-6.8%

Distilled water %

15.2% sugar selectivity
for membrane having
6.2% PEG

Zhou et al., 2016

15% CA, 2% PVP, 83% DMAc *

68.5 nm pore diameter

Rakhshan et al.,

20% CA, 45% Acetone, 35% Formamide

75-80% propazine, 80-
95% atrazine, 90-100%

2016 92 prometryn,  90-100%
MgSO, Rejection

Da Silva Pereira 10% CA, 17% Acetic Acid, 23% Water, 214-1651 L/h m? water

etal., 2017 50% Acetone % flux range

Sprick et al., 2018

18% CA, 82% NMP %

12% salt rejection

Optical sensor

Mulijani et al., CA:Pluronic Ratio-80:20, Solvent: membrane having
2018 Acetone % ability to detect 1-30%
ethanol concentration
_ . 55.34 L/(m?2.h) water
Vaulina et al., 20-25% CA, Solvent: Acetone, Additive:
) flux, 82% dextran
2018 Formamide % o
rejection
) 50-60 L/m2h water
Mulyati et al., o
2018 17.5% CA, 0-10% PEG, Solvent: DMF % | flux, 30-35% rejection

aqueous Cr(111) solution
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Durmaz et al.,
2018

8% CA, 30.7-46 % [EMIM]OAC, 46-
61.3%DMSO ¥

90% Blue Dextran (20
kDa) and 80%
Bromothymol Blue

rejection

Nu et al., 2019

18% CA, Solvent: DMSO or
DMSO/Acetone Mixture (v/v 4:1) %

87.3% BSA rejection

Marbelia et al.,
2020

13-22% CA, Solvent: DMSO 9°

95% BSA rejection

23




155 Coagulation Bath Temperature

For the polymeric membranes fabricated via phase inversion method, the coagulation
bath temperature is one of the morphology affecting factors. The coagulation bath
temperature affects the thermodynamics of the membrane forming system as well as
the diffusion rates of the solvent, co-solvent and pore former from the cast membrane
during phase inversion process and plays a role in the formation of membrane
morphology. As the coagulation bath temperature, the use of the room temperature
conditions is common, but the change in the bath temperature is also applied for
morphology tuning purposes in the literature.!®%! Holda et al. stated that the
reduction in the coagulation bath temperature results in the suppression of macrovoid
formation due to the decrease in the percolation capability of nonsolvent in the cast
film.>* Saljoughi reported that the permeance of cellulose acetate membranes
decreased by %75 with a temperature reduction from 23°C to 0°C.1%2
Arthanareeswaran et al. and Mozia et al. used 10 °C of the coagulation bath medium
for denser membranes.””1% Costa et al. also used 0-3°C as the temperature conditions
for the coagulation bath of the cellulose acetate membrane fabrication via phase

inversion method to obtain denser membranes.%*

156 Annealing after Coagulation

Annealing is one of membrane morphology tuning factors for the polymeric
membranes to improve the performance with the decrease in the free volume
between polymer chains. Schwarz et al. and Aburideh et al. stated that annealing
resulted in denser skin layer for cellulose acetate and polysulfone-cellulose acetate
blend membranes, so it caused an increase in rejection and decrease in
permeance.'>1% In another study, Mahendran et al. studied on cellulose acetate UF
membranes and annealed them at 70, 80 and 90°C. They observed that water
permeance decreased and bovine serum albumin (BSA) rejections increased with

increasing annealing temperature.®” Tahun et al. applied annealing to the cellulose
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acetate membranes produced for brackish water treatment by NIPS method and
observed that higher annealing temperature and greater annealing time caused denser
skin layer.1% Similarly, Imir et al. observed a permeance decrease and rejection
increase by Bromothymol Blue filtration tests in ethanol.®® In this study, annealing
was done for similar purposes to improve the separation performance to obtain

membranes with denser skin layer.
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1.6 Molecular Weight Cut-off Tests for the Membrane Characterization
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Figure 1.7. Molecular weight cut-off (MWCQO) determination

Molecular weight cut-off (MWCO) test is a method which is applied to characterize
UF membranes by the pore sizes and the rejection performances for the probes of
different molecular weight values. The molecular weight cut-off value of a
membrane states the lowest molecular weight value retained by the membrane with
90% rejection performance as shown in Figure 1.7. In the MWCO tests, the probe
molecules are selected according to the desired molecular weight range, the
solubility of the probes in the solvent in which the MWCO test is performed and the
following specific filtration application concerns in the research. Due to the
availability in the wide range of molecular weights, polyethylene glycol (PEG) and
dextran probes are mostly used in the MWCO detection tests. 17112 In this study,
PEG probes, in the related molecular weight range for the photoresist removal from
the photolithography wastes, were used in the MWCO tests because of the solubility
of PEG in water and polar organic solvents. The PEG probe usage in the tests made
it possible to measure MWCO in the solvents like methanol and DMSO in addition

to the aqueous systems.
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1.7  Solvent Waste Management in the Electronics Industry

Solvents have a crucial role in industrial applications such as pharmaceutical,
electronics, petrochemical and food industries. The solvent used in the metal
cleaning, electronics industry, polymer production, cleaning and personal care
products manufacturing follows the paint and coatings industry. 13 The widespread
usage and the consumption of industrial solvents require strategic waste management
and waste minimization for especially the efficiency, environmental protection and
cost-effective, sustainable industrial solutions aligned with the technical process
feasibility needs. In today’s world, the increasing consumption rates in almost every
sector cause a huge amount of waste generation. Therefore, strategic and innovative
waste management principles gain a significant role globally for sustainable

development.

The framework regulations are also shaped for more sustainable industrial
applications. The main aim is to minimize the adverse effects of waste generation
from the human health and environmental point of view. According to EU Directive
2008/98/EC The Waste Framework Directive, there is a “Waste Hierarchy” for waste
management. In the Waste Hierarchy, the first step contains the reduction and the

prevention of the use of resources and raw materials if possible. 114115

Reuse, recycling, recovery and disposal follow the prevention step, in order of
priority in the Waste Hierarchy. Based on this hierarchy, fresh solvent use should be
minimized via reuse, recycling and recovery. In addition, “Chemicals for the Green
Deal” also emphasizes the importance of the recycling of chemicals from circular

economy frame. ¢

To clarify the importance of solvent recycling, the carbon footprint reduction from
fresh to recycled solvents were also studied in the report of ETHOS Research for
European Solvent Recycler Group (ESRG). In the estimation process of the carbon
footprint of the fresh and the recycled solvents, Life Cycle Assessment (LCA)

method was used as an approach to analyze emission reductions. 7120

27



Therefore, the solvent recycling processes were considered with the transportation
of the waste solvents to the plant of recycling and the transportation of the recovered
solvents to the new user of it. In the study, the data of the ESRG member companies
were used; categorized into simple non-chlorinated, chlorinated, mixed solvents
groups and 308,750 tons/year recycled solvent was produced totally in 2017. As a
result, the carbon footprint of the solvent usage was reduced by 85% from fresh to
the recycled solvents in total. 2

Waste Materials

Consumption

& Stock Ecodesign

Distribution Production

Figure 1.8. Circular economy

From another aspect, solvent recycling is a significant issue for the circular economy.
The Circular Economy chart of the European Environment Agency is illustrated in
Figure 1.8.122 Reduce, reuse, recycle and recover are known as 4R of the circular
economy.*?® In the circular economy perspective, recycling of the waste materials

and recovery of the energy are crucial to close the loop for sustainable consumption.
124

Waste disposal should not be the general application if it is not inevitable. In waste

management based on circular economy principles, end-of-waste-criteria was
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proposed for the waste materials. Accordingly, if the recycled waste is safe for the
environment and sufficient for the quality requirements, the best operation
techniques for the recycling processes should be discovered and carried out after the
environmental, economic and technical feasibility assessments. Additionally, EU
Circular Economy Action Plan also states that the focus on the sectors, which are
using the resources at most and having high circularity potential; such as electronics,
batteries, plastics and buildings is required. 2 In general, the industrial usage of the
solvents and their circularity are critical because they have a widespread application
area in the industries using the resources at most. So, if the circular economy in the
solvent recovery is considered, the steps can be stated as sourcing of the solvent from
raw materials and recovery, manufacturing, distribution, use in the industrial
applications and the recovery with the collection, sorting and recycling of the
solvents by closing the loop. By this way, a reduction up to 90% of the CO2 emissions
is possible. ¢ Going further by focusing on the electronics and semiconductor
industry emissions, it was determined that the release-to-air-ratio of the VOC
solvents, which is the ratio giving the percentage of released solvent into atmosphere
as VOC to the solvent input of application, in the industrial and cleaning applications
in the electronics and semiconductor manufacturing sector is 70%. According to this
data, most of the solvent is lost by the evaporation during the application and if the
remaining liquid portion is also left as a waste and not recycled, sustainable
consumption cannot be possible 26, In conventional recycling methods, the
contaminated solvents coming from the pharmaceutical, chemical, surface cleaning,
textile and paint industries are recycled by the processes based on distillation. The
solvent recycling is not only important for the sustainability, but also significant for
cost-effectiveness, reduction in the dependency on the availability and the primary

production of the raw materials. 16127
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1.8  Solvents in the Electronics Industry

In the electronics and semiconductor industry, a wide range of solvents are used with

different functions. The mostly used solvent types with their functions and annual

market size in the European Economic Area in tons/year are listed in the following

Figure 1.9. and 1.10.

Etchants

Photoresist Developer

Photoresist Resin Solvent

Semiconductor Rinse
Applications

Adhesion Promoter of
Silicon Wafer and
Photoresist

Cleaning Agent

Photoresist Remover

Semiconductor Process
Chemical

Figure 1.9. Solvents with their functions in the microelectronics industry 128130
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Figure 1.10. Solvent categorization by the solvent market annual size in the

European Economic Area 13
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To apply the circular economy requirements, feasible solvent waste recycling
applications and recovery services should be available in the market. These
companies and services collect the waste, produce the recycled and recovered solvent
with the required quality according to the industrial application needs and transfer
the product to the company of the waste source or the new user. In the market,
Maratek company works on recycling services with wide range of solvents like
acetone, methanol, butanol, isopropanol, methyl ethyl ketone etc.'®? If the
electronics, microelectronics and semiconductor industries are studied with this
perspective, there are some available industrial applications of the companies. For
example, the recycled photoresist developer solvent propylene glycol monomethyl
ether acetate (PGMEA) is produced with minimum of 98% purity from the waste of
the various industries in Veolia company for the circular economy.®313% |n
Industrial Technology Research Institute (ITRI), recycled electronic grade solvents
are recovered from the wastes of the optoelectronics and semiconductor industries
by dividing-wall column (DWC) distillation method.’®*® In the literature,
heterogeneous azeotropic dividing-wall column (HA-DWC) as the recovery
technique for the semiconductor industry wastes was also studied and 33.1%
reduction in the distillation energy requirement was achieved according to the
conventional distillation methods for the more economical and environmentally
efficient solutions.'*® As another example, Vikalp Group also purifies/refines the
waste solvents of their clients according to their safety and quality needs with the
required product specifications and returns back the recycled solvent to the client.
One of the recycling solvents of the Vikalp Group is PGMEA and distillation is
stated as the purification method.*®’ In Shinko Organic Chemical Industry company,
there are three different models for sustainability as recycling of the used solvent of
the client and giving back the refined product, recycling the waste solvent of the user
and selling it for other purposes in the market and grading up with refining the
general industrial solvent for the new user from metal and impurity management
sides. In the recycled solvent products portfolio of the Shinko Organic Chemical
Industry company, PGMEA, PGME, acetone, methanol, IPA and NBAC takes
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place.’*® In KMG Chemicals company, the electronics industry solvents like PGME,
PGMEA, IPA, NBAC, acetone and methanol are produced in high quality. Besides,
it is stated that the reuse of the out-off spec and excess materials is aimed and the
materials are re-purposed for sale according to the new market of the downgrade
product.t3-141 Additionally, it was stated that 532912 pounds of waste containing
PGMEA was shipped for reclamation in 2013, according to the Hazardous Waste
Facility Permit document of IBM. Then, the reclaimed PGMEA was used by the
other manufacturing companies being able to utilize the reclaimed solvent at that
quality and purity level.}*? As the last example of microelectronics industry solvent
recovery, the applications and sustainability targets with their results of Infineon
company can be examined. From waste management point of view, one of the
sustainability targets of Infineon for 2018 was to keep waste generation under 27.5
gram level per cm? of produced wafer and it was shown that this target was achieved
in 2018. The company also aimed to recover 300 tons of PGMEA from the waste
containing PGMEA till the end of 2020 and 86.5% of this target was achieved by the
recovery of approximately 260 tons of PGMEA solvent in 2018. Furthermore, the
recovered solvent by distillation application via the cooperation with external

contractors for recycling was reused in production.'#3

To clarify the importance of the recovery of the solvents used in the microelectronics
and semiconductor sector, the market volumes of the solvents should also be
investigated. Generally, the market size of the electrochemical solvent industry is
approximately 1 billion Euros.** Besides, the market volume of the aprotic solvents
globally was approximately 15 billion dollars in 2015 and the industries mostly using
aprotic solvents in the manufacturing processes are electronics, coatings, paints,
pharmaceutics and oil & gas sectors.!*® The market size data of the PGMEA and
NMP can be given as examples. The world production capacity of NMP solvent
125000 tons per year.'*® The market volume of PGMEA was approximately 140
million dollars in 2020 47 and the solvent is used in the cleaner, varnish, paint and
coating industry with 98-99% purity level and in the electronics industry with at least

99% purity level.
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Currently available solvent recycling and purification techniques are mostly based
on conventional distillation methods, which is very well established but energy-
intensive. In microelectronics, acceptable impurity levels are very low and metal-
free solvents are needed for fabrication processes. Solvent recovery with membranes
can enable a once metal-free solvent to be recycled free of metal impurities
throughout the whole process. As a result, more innovative, cost-effective and
energy-efficient methods are needed, so membrane separations of the conditions
meeting the purity level and permeance needs for the solvent purification can be used
instead of the applications using distillation. Unlike incineration, the solvent waste
streams can be recycled and the recovered solvents used in microelectronics
manufacturing can be reused in the manufacturing by the successful membrane
separation processes. In the case of the achievement of the desired process, it
provides critical reductions in the material and energy consumption, financial needs,
the generation of waste having hazards and risks. In “Solvent purification and
recycling in the process industry using innovation membrane technology”
(SOLVER) project studied by Vandezande et al., the recycling of the three different
solvents, which are acetone, isopropanol and methanol, used in the semiconductor
industry for cleaning purposes were aimed to be recovered from the wastes of the
microelectronics industry.** Besides all these, there is no study in the literature for
the PGMEA recovery from the photolithography wastes via membrane applications.

Additionally, the recovered PGMEA has a potential to be used in other industries
even with lower purity than electronics industry limitations. PGMEA is a solvent
widely used in surface coatings, ink, agrochemical, cleaner, anti-icing agents and
extractant industries.'*® These sectors do not require that high level of purity, so the

potential of recovered solvent use is promising even if it is not electronic grade.
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1.9  Photolithography Process Steps and Photoresists

Photolithography is a widely used technique for microfabrication to transfer
geometric shapes on semiconductors in the microelectronics industry. The solvents
and their quality used in the microelectronics industry have a significant role in the
fabrication of microchips and integrated circuits. In order to produce high-quality
microelectronic devices, electronic grade solvents are utilized in the processes of the
microfabrication to avoid failures and short-circuits.**® The reason behind the need
for this quality level is that the solvents should contain metal ions under a critical
level because the existence of metal ions over the threshold may cause short-circuit
failures on the microchips. The industrial application areas of the photolithography
and the process steps of the photolithography are summarized in the Tables 1.4 and

1.5, respectively.

Table 1.4 Photolithography Applications 120!

Industrial Applications of Photolithography
Photonics & Optic

Microsystems / Sensors

BioMEMS, Brain Sciences

Microparts / LIGA (a fabrication technology used
to form high-aspect ratio microstructures) &
Electroforming

Microfluidics

Semiconductor Manufacturing Fields

Micro-Lenses

Energy
3D Printing
Photovoltaics Manufacturing

Flat Panel Display Manufacturing
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Table 1.5 Photolithography Steps>21%3

Process Steps

Scheme

Process Details

Coating

Photoresist

\ Silicon Wafer

The surface is coated by the
required photoresist resin with a
spin-coater.

Solvent
Evaporation

(Soft Baking)

YN

The solvent in the photoresist resin
is evaporated by the soft baking
application.

Exposure

UV Light

L1l

v 9 9
I L I L] —

According to the desired pattern,
UV exposure is applied via the
transparent regions of the
photomask. If a negative
photoresist is used as a photoresist
material, the regions exposed to
UV light are crosslinked and
become insoluble in the developer
solution. On the contrary, if a
positive photoresist is used, the
regions become soluble under UV
exposure.

Developing
Bath

The dissolved photoresist is
removed from the surface by the
photoresist developer and the
desired pattern for etching is
obtained.

Etching

The desired topography is
provided by etching the surfaces
without photoresist.

Removal Bath

In the removal step, the
crosslinked photoresist is removed
from the surface via the aid of
removal solvent and the finalizing
required pattern is obtained.




In this study, SU-8 which is a negative photoresist resin having eight epoxy groups
in the chemical structure was used as photoresist resin. Propylene glycol
monomethyl ether acetate (PGMEA) was used as the developer bath solvent in the
photolithography. As photoacid generator (PAG) for crosslinking reaction, triaryl

sulfonium hexafluoroantimonate salts were used.1%4-159

In SU-8 photoresist crosslinking reaction, triarylsulfonium hexafluoroantimonate
salts photoacid generators initiate the reaction under UV exposure and SU-8

crosslinking occurs after bond break of epoxy groups as shown in Figure 1.11.

Figure 1.11. Crosslinking reaction of SU-8%

Photoresists are generally used for the pattern transfer via photolithography, but they
are also used as a structural material in nano and micro systems. SU-8 as a negative
photoresist is also a structural material used in wide range of microelectronics

applications.

As a material, the properties of SU-8 like low Young modulus and strong chemical
resistance makes it advantageous for microelectronic and microfluidic systems. 6!
EPON SU-8 resist belonging to Shell Chemicals and the SU-8 series of MicroChem
contain triaryl sulfonium salts as photoacid generator and the initiation of pattern
imprinting takes place by this way under UV exposure. Besides, one of the SU-8
types was patented by IBM in 1989 so, it has a long history as a photoresist. In
addition to all these features, the strong biocompatibility and chemical compatibility
makes SU-8 suitable for labs-on-chips and microelectromechanical system (MEMS)

applications.62
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1.10 Aim of Study

In this study, it was aimed to fabricate cellulose ultrafiltration membranes by phase
inversion and alkaline hydrolysis of cellulose acetate membranes, to investigate the
performance of the membranes in a variety of polar solvents and; to tune the
morphology of the membrane to determine a suitable membrane for PGMEA solvent
recovery from SU-8 photolithography wastes. MWCO and solvent permeance of the
membranes were investigated. For the control of the membrane performance, the
morphology affecting factors were tuned. In the second part of the study, the
recovery of PGMEA from SU-8 photolithography waste were examined using these
cellulose UF membranes. At the end, the change in the imprinted pattern quality and
the success of the recycled solvent from membrane filtration compared to the fresh

developer solvent were considered.

38



CHAPTER 2

EXPERIMENTAL METHODS

2.1 Materials

Cellulose acetate (Mn~ 50000 Da by GPC), acetone (99%), blue dextran (5 kDa and
20 kDa), polyethylene glycol (400 Da, 2 kDa, 6 kDa, 10 kDa, 20 kDa), propylene
glycol monomethyl ether acetate (PGMEA), triarylsulfonium hexafluoroantimonate
salts mixed with 50% propylene carbonate and sodium hydroxide (NaOH) were
purchased from Sigma-Aldrich. Dimethyl sulfoxide (DMSO, 99.9%), methanol
(99.9%), dimethyl formamide (DMF, 99.8%) and ethanol (99.9%) were purchased
from Merck. For the photoresist filtration tests, SU-8 100 and SU-8 2075 from

MicroChem brand were used in the experiments.

2.2 Preparation of the Membrane Casting Solution

Solvent in the
;T Casting Solution Cellulose Acetate

\/Y
Homogeneous
Casting Solution

> Stirrer Bar

. ¢

Weighing Scale Magnetic Stirrer Magnetic Stirrer

- | 30.00 g a

Figure 2.1. Casting solution preparation steps
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In the membrane casting solutions, cellulose acetate (CA), dimethyl sulfoxide
(DMSOQ), acetone and polyethylene glycol 400 Da (PEG400) were used as polymer,
solvent, co-solvent and pore former agent, respectively. Before the casting
procedure, cellulose acetate was dried under vacuum for at least two days. The
contents except the polymer were mixed before the addition of the cellulose acetate,
and a homogeneous mixture was obtained by using a stirrer. Then, cellulose acetate
was added as the membrane polymer with a stirrer bar into the casting solutions as
can be seen in the Figure 2.1 and the solution was mixed until it was homogeneous

on the stirrer and roller if necessary.

2.3 Membrane Fabrication Procedure

The steps followed during the membrane fabrication are tabulated with the process

illustrations and details in Table 2.1.
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Table 2.1 Membrane fabrication steps

Process Scheme

Process Details

CASTING

Cellulose acetate membranes were cast on the glass
from the different casting solutions, with the
stainless-steel casting bar having 250 um casting
thickness.

PRE-EVAPORATION

If the casting solution contained acetone as co-
solvent, a pre-evaporation application was made in
an N2z bath with 0.6 L/min flow rate to the tank
before the coagulation.

COAGULATION

The membranes were immersed into the non-
solvent i.e., the water purified with reverse osmosis
(RO) for the coagulation.

WASHING

The membranes were cleansed from the solvent by
washing with RO water for 24 hours and changing
the water three times in this process.

ANNEALING

For the annealed membranes, wet annealing was
applied, and the membranes were annealed in the
water bath at 85°C for 3 hours. This step was
skipped for the other membranes.

ALKALINE
HYDROLYSIS

The cellulose acetate membranes were put into the
NaOH-water solution having 0.05 M concentration
for the alkaline hydrolysis in order to obtain
cellulose membranes. After 24 hours, the
membranes were taken out of the alkaline solution.

WASHING

To stop the regeneration process and clean the
membrane from the alkaline solution, the
membranes were washed in the RO water for 24
hours. At the end, all the membranes were stored in
the 20% ethanol- 80% water solution.
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The cellulose acetate and the cellulose membranes were fabricated according to the
stated procedure and the membrane codes used in this study are listed in Table 2.2
and 2.3 according to the casting solution content and the fabrication steps.

Table 2.2 Membrane codes and casting solution compositions

Polymer % | Solvent % | Co-solvent % | Pore former %
Membrane
(CA) (DMSO) (Acetone) (PEG400)
CA20 20 80 - -
CA20P10 20 70 - 10
CA25P10 25 65 - 10
CA25P10A10 25 55 10 10
CA30P10A10 30 50 10 10

Table 2.3 Membrane codes and applied processes during fabrication

Pre- Alkaline Cool Resulting
Membrane . | Annealing | Coagulation | Membrane
evap. | Hydrolysis Bath Material
CA20 - - - - CA
CA20P10 - - - - CA
CA25P10 - - - - CA
CA25P10A10 + - - - CA
CA30P10A10 + - - - CA
CA20-AH - + - - Cellulose
CA20P10-AH - + - - Cellulose
CA25P10-AH - + - - Cellulose
CA25P10-AN- -
AH - + + Cellulose
CA25P10A10- -
AH + + - Cellulose
CA25P10A10- +
CC-AH + + - Cellulose
CA25P10A10- -
AN-AH + + + Cellulose
CA30P10A10- -
AH + + - Cellulose
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In summary, for the presented CAxPyAz type membrane codes; X,y and z show the
percentages of the casting solution content for cellulose acetate, PEG400 and
acetone, respectively. (-AH) code means the alkaline hydrolysis for the cellulose
membranes and (-AN) code shows the annealing application. As explained in Table
2.1, the 30-minutes pre-evaporation step was only applied for the membranes

containing acetone in their casting solutions.

43



2.4 Membrane Characterization and Performance Tests

The cellulose membranes were produced by tuning the casting solution content and
the fabrication procedure. The characterization of the membranes was determined
with the MWCO tests before the performance tests. In order to detect the membrane
performances, the pure solvent permeances were measured and the rejection of the
solutes was tested by the filtrations. For the blue dextran and SU-8 photoresist dead-
end filtrations, Amicon stirred cell having 10 ml feed volume and Sterlitech HP4750
stainless steel cell were used, respectively. On the other hand, Sterlitech CF042A-
FO, CFO16A-FO acrylic and CF042-SS stainless steel crossflow membrane modules
were used for the PEG filtrations of the MWCO tests. The schemes showing the
dead-end and crossflow filtration systems are illustrated in the following Figure 2.2
and 2.3.

I Stainless Steel Dead-End
— Filtration Cell

> Permeate Line
& ;
(5{—> Graduated Cylinder

— Nitrogen Tank

Magnetic Stirrer

Figure 2.2. Dead-end filtration module

Manometer

Peristaltic Pump

=

Back Pressure Valve
Retentate

Permeate

Blocked End

Solution
Tank

Figure 2.3. Crossflow filtration module

44



24.1 Solvent Permeance Tests

Pure solvent permeance performances of the membranes were tested before the
filtration experiments. The collected permeate volume data per unit time were
recorded at three different operation pressures until the fluxes were constant. The
solvent flux values were calculated via the permeate volume against time and the
active filtration area of the membrane. Finally, the pure solvent permeances (PSP)
were calculated by the slope of the flux (J) vs. transmembrane pressure (TMP) graph.
L/m?.h.bar was used as the permeance unit in this study. The permeance calculation

formula was shown below.

Flux
Transmembrane Pressure

Pure Solvent Permeance =

Before the blue dextran and SU-8 photoresist filtrations, water and PGMEA solvent
permeances were measured in the dead-end stirred cells, respectively. Additionally,
the pure water, DMSO and methanol permeance tests were done before the MWCO

tests via the crossflow filtration system.
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2.4.2 Solute Rejection Tests

To detect the rejection performances of the membranes, different probes were used
in the experiments. For the filtrations of Blue Dextran 5 kDa and Blue Dextran 20
kDa , Amicon stirred cell with 10 ml cell volume was used at 3 bar operational
pressure with approximately 0.16 mM Blue Dextran 5 kDa and 0.04 mM Blue
Dextran 20 kDa for the feed concentrations in water, separately. In the MWCO tests,
the rejection performance data of the PEG probes were obtained. The feed solutions
of the MWCO tests were prepared with 0.5 g/L concentration for each PEG probe in
water. As the filtration system, Sterlitech CF042A-FO, CFO016A-FO acrylic and
CFO042-SS stainless steel crossflow membrane modules were used for the MWCO
tests and 0.3-0.5 bar pressure for water MWCO tests, 1 bar for solvent MWCO tests,
were applied on the membrane.

For the SU-8 filtration tests, the synthetic feed solution preparation procedure was
applied. In the beginning, SU-8 2075 resin was put onto approximately 2.5x2.5 cm?
glass plate and the coating was done in a spin coater with the first ramp to 500 rpm
with 100 rpm/s, the second ramp to 3000 rpm with 300 rpm/s, and the final spin
speed application for 30 seconds. Then, the SU-8 on the glass was pre-baked at 65°C
for 5 minutes and soft baked at 95°C for 20 minutes in a dark room to prevent light
exposure on SU-8 material. The baking step was required to remove the solvent in
the SU-8 resin. The whole procedure was performed by considering SU-8 coating
instructions of MicroChem brand for SU-8 2075 with 100-micrometer coating
thickness. After the coating process, the SU-8 coated glass plates were immersed in
the PGMEA solvent to dissolve SU-8 and to prepare the synthetic SU-8 feed
solution. This procedure mimics the photolithography process until the developing
step. The nominal SU-8 concentration of the solution was determined by the
calibration with the dissolved SU-8 in PGMEA from SU-8 coated glass with known
nominal coating thickness and the feed solution was added into the filtration cell
after the dilution of the SU-8 solution to the necessary photolithography waste

solution concentration range.
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In the solvent recovery tests of the photolithography wastes, SU-8 photoresist in
PGMEA solvent with the 0.5-2.5 g/L concentration was used as the feed solution in
the filtrations to mimic the real photolithography waste solution. In the filtration
setup, Sterlitech HP4750 stainless steel cell was used and 10 bar pressure was applied

for the SU-8 filtrations.
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2.4.3 Molecular Weight Cut-off (MWCO) Tests

Figure 2.4. MWCO test in crossflow module

In order to detect the convenience of the cellulose membranes for the specific
filtration applications, the characterization of the membranes was needed. For this
study, Molecular Weight Cut-off (MWCO) tests were applied for the
characterization procedure of the cellulose membranes fabricated by different
methods and casting solutions. The crossflow module was used in the experiments
as shown in Figure 2.4, and the operation pressure was controlled by a back-pressure
valve. The applied pressure was 0.3 bar. Crossflow rate and velocity were 120
ml/min and 2.23 cm/s. The feed flow was supplied by the Watson Marlow brand
peristaltic pump.

In the MWCO tests, the feed solution was prepared with different molecular weight
PEG probes, each having 0.5 g/L concentration in the solution. In this study, PEG
400, 2000, 6000,10000 and 20000 Da probes were added into the feed solutions. For
the selection of molecular weights in the mixture, the peak overlaps in the GPC
chromatograms were considered. At the beginning of the experiments, the feed
solution analysis was done by Gel Permeation Chromatography (GPC) for
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verification. Then, the permeate and retentate samples were taken into the GPC vials
during the experiment and their concentrations were measured for further

performance calculations.
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2.5  Sorption Tests

To observe the interaction between the solute and the membrane polymer, the
sorption tests were done. In this study, SU-8 sorption of the membranes was
measured. Firstly, the cellulose membrane samples were sensitively wiped, and they
were put into the 20 ml SU-8 photoresist — PGMEA solutions with known SU-8
concentrations. Then, the daily measurements of the SU-8 concentrations in the
solution were done by using UV-VIS spectrophotometer until the solution
concentrations reached the constant values. Whether the solute was sorbed or not

was detected.

2.6 Swelling Tests

Before the performance tests of the membranes, the swelling test was applied to
investigate the interaction between the solvent and the membrane polymer with
CA20P10-AH, CA25P10A10-AN-AH and cellulose dense film cast from 20%CA
80% acetone solution with pre-evaporation followed by alkaline hydrolysis in 0.05
M NaOHjaq) for 24 hours. The membranes were stored in 20% ethanol in ultra-pure
water solution in this study. As the first step of the swelling test, the membranes were
put out of the storage solution and completely dried. The dry weight values of the
membranes were measured until they were constant. Then, the membrane samples
were put into the solvent that was 20 ml in volume. The samples were weighed each
day and the increase in the weight was recorded to observe the swelling behavior of
different membranes. The daily measurements continued, and the swelling test was
completed when the weights of the cellulose acetate and cellulose membrane
samples were constant. In order to present the swelling behavior of the membranes
quantitatively, the swelling ratio percentages were calculated, and the formula was

shown below.

(Tnswoi!i!en membrane — Mdried membran.e)

Swelling Ratio % =
(Tndried membrane)-
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2.7  Gel Permeation Chromatography (GPC)

Figure 2.5. MWCO test in crossflow module

The concentration analysis of the permeate and retentate samples collected during
the filtration was performed by using Gel Permeation Chromatography (GPC) as
shown in Figure 2.5. As can be seen in Figure 2.5, Agilent 1260 Infinity Il GPC/SEC
System was used with PolarGel-L type PL1120-6830 coded column for the analyses.
In this system, the RI signal chromatograms were obtained with the refractive index
detector (RID) and presented by the HPLC Online as the data output software. As
the flow rate and operating temperature 1 ml/min and 30.5°C were used, respectively.

The mobile phase of GPC was ultra pure water.
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2.8 UV-VIS Spectrophotometry

The rejection calculations for the determination of the membrane performance were
done by using the absorbance of the feed, retentate and permeate samples. The
concentrations of the blue dextran and the SU-8 photoresist solutions in the filtration
experiments were measured with Shimadzu UV- 1601 model UV-VIS
Spectrophotometer. The solute concentrations were estimated with the calibration
curves of each material by the raw absorbance data of the solute and the general mass
balance was applied for the performance calculations. The absorbance measurement
wavelength values were 277.5 nm and 620 nm for SU-8 and blue dextran probes,

respectively.

2.9 ATR-FTIR Spectroscopy

The verification of the alkaline hydrolysis for the cellulose membranes was done by
using the Attenuated Total Reflectance-Fourier Transform Spectroscopy (ATR-
FTIR) analysis method with PerkinElmer UATR Two model ATR-FTIR analysis
device in METU Chemical Engineering Department. For the ATR-FTIR method, the
samples were dried in the fume hood and then under vacuum to eliminate the
humidity effect on the peaks of the cellulosic bonds. Then, the absorbance
measurements were done.For the determination of the extent of alkaline hydrolysis,
the degree of deacetylation was determined by ATR-FTIR spectra of the membranes,
and the required complete alkaline hydrolysis time was detected according to the
disappearance of the peak coming from the acetate groups.

In addition, the cellulose membranes were dissolved in [EMIM]OACc and cast again
from this solution for further verification of complete alkaline hydrolysis procedure
to make sure that whole cross-section of the membrane was cellulose. Then, FTIR

spectra of these membranes were analyzed.
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2.10 Scanning Electron Microscopy (SEM)

Scanning electron microscopy was utilized to investigate the membrane structures
and the morphologies cast from different casting solutions and exposed to various
processes under the scope of this study. In METU facilities, the SEM analyses were
performed with FEI Nanosem 430 model in METU Metallurgical and Materials
Engineering Department and with QUANTA 400F model Field Emission type SEM
in METU Central Laboratory.

In order to obtain clear SEM images, a preparation procedure was applied to the
SEM membrane samples. For the scan of the membrane skin layers, the membranes
were dried entirely and stored under vacuum. In the SEM analysis of the skin of the
membranes, the active sides of the membranes were captured. In the membrane
cross-sectional SEM analysis, an additional procedure was required. Therefore, the
membranes that were frozen in the liquid nitrogen were broken in order to prevent
the cross-sectional defects stemming from the cutting procedure. Then, the samples
were stuck on the holder by the conductive type tape and finally, Au-Pd coating was

applied for both skin and cross-sectional scans.

2.11 Elemental Analysis

For the photoacid generator content detection in SU-8 photoresist, elemental analysis
method was used. The solvent content in the SU-8 resin was evaporated before the
analysis to eliminate the misleading possibility of the elements in the solvent. The
Elemental Analysis of the SU-8 resin sample was done via LECO, CHNS-932 device
in the METU Central Laboratory and the atomic weight percentages of C, H and S

elements were obtained.
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2.12  Photolithography Process Details

In photolithography; the glass slide was coated by the SU-8 photoresist, the solvents
in the resin were evaporated by the soft baking, the regions exposed to UV were
crosslinked by the effect of the PAG, the non-crosslinked SU-8 was cleaned by the
PGMEA. In Table 2.4, the photolithography process steps with applied experimental

details were listed.

Table 2.4 Photolithography process steps and details

Process Step Process Details
SU-8 Spin 1%t ramp to 500 rpm with 100 rpm/s acceleration and
Coating holding at this speed 5-10 seconds, then a 2" ramp to 2000
(for 110 um rpm
thickness) with 300 rpm/s and holding for 30 seconds

Pre-bake & Soft Pre-bake at 5 minutes at 65°C and soft bake at 20 minutes
bake at 95°C

UV exposure with i-line 365 nm radiometer (440 mJ/cm?)

UV Exposure for 11 seconds

Post Exposure

Bake Heating for 1 minute at 65°C and then 10 minutes at 95°C

Developer Bath Immersing the sample to the PGMEA bath and waiting for

10 minutes
Rinsing and Briefly rinsing with isopropanol and then drying with a
Drying gently stream of nitrogen
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CHAPTER 3

RESULTS AND DISCUSSION

3.1  Alkaline Hydrolysis of Cellulose Acetate Membranes

In this study, cellulose membranes are formed from cellulose acetate membranes by
alkaline hydrolysis. Compared to fabrication of cellulose membranes directly from
cellulose solutions, this method provides easier ways for tuning the membrane
morphology. This method is advantageous compared to the production using ionic
liquids because of the high viscosity and cost of ionic liquids.

For the alkaline hydrolysis procedure of the cellulose acetate membranes, the
optimization of the experimental conditions was done with the CA20 membrane.
Four different NaOH concentration levels were specified in 0.001-0.05 M range, and
the samples of the CA20 membrane were put into the NaOH solutions for alkaline
hydrolysis. The extent of alkaline hydrolysis was monitored via Attenuated Total
Reflectance — Fourier Transform Infrared (ATR-FTIR) spectroscopy analysis by the
O-H bonds of the cellulose and the C=0 double bonds of the acetate groups in the

structure of cellulose acetate.

According to the FTIR results shown in Figure 3.1. and 3.2 for a completely
regenerated membrane by alkaline hydrolysis, it was observed that the stretching
vibration of the C=0 double bond peak of the acetate group at approximately 1740
cm disappeared, and the O-H bond peak of the hydroxyl group at 3000-3600 cm™*
wavenumber range representing the cellulose came up in the FTIR spectra.

55



100
90
80
70
60

50 - C=0 bond
40 - (1750 cm)

30 A

Transmittance (T%)

20 -
10 -

O T T T T T T
600 1100 1600 2100 2600 3100 3600
Wavenumber (cm-1)

Figure 3.1. FTIR Spectrum of the Cellulose Acetate Membrane Sample
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Figure 3.2. FTIR Spectrum of the Cellulose Membrane Sample Obtained in
Aqueous 0.05 M NaOH Solution
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The results of the different alkaline hydrolysis conditions were tabulated in Table
3.1, and the O-H/C=0 peak area ratios, representing the completion of alkaline
hydrolysis, increased with increasing NaOH concentration and the alkaline
hydrolysis duration. The complete alkaline hydrolysis was obtained with 0.05 M
NaOH solution in the shortest time as one day. While the process was completed for
0.01 M NaOH solution in three days, the procedure couldn’t result in complete
alkaline hydrolysis in 0.001 and 0.005 M NaOH solutions. As an additional
observation, the membranes were deformed in the alkaline hydrolysis medium
having NaOH concentration greater than 0.05 M like 0.1 M.

Table 3.1 ATR-FTIR Spectra O-H /C=0 Peak Area Ratios of the Cellulose

Membranes Fabricated via Alkaline Hydrolysis at Different NaOH Concentration

Solutions
ion of Alkali O-H /C=0 Peak Area Ratios for Varying NaOH
Duralt_llog 0 IA' aline Concentrations (M)
yarolysis 0001M | 0005M | 001M | 005M
1 Day 1.8 90 316 0
2 Day 2.6 128 1838 0
3 Day 3.3 167 0 0
4 Day 4.0 150 0 0

To verify that the complete alkaline hydrolysis was done on the surface and the inner
structure of all membranes, CA30P10A10-AH membrane as the most dense
membrane in this study, was dissolved in [EMIM]OAc and then cast again in order
to analyze whole cross-section of the membrane sample. The ATR-FTIR spectra
were determined and the peak coming from the acetate group was not observed as
shown in Figure 3.3.

57



100

90 i
80 / j‘

70
60
50
40
30
20
10

0
400 900 1400 1900 2400 2900 3400 3900
Wavenumber (cm1)

——FTIR after dissolution in EMIMOAC Regenerated membrane

Absorbance

Figure 3.3. ATR-FTIR spectra of CA30P10A10-AH

So, the alkaline hydrolysis procedure was verified with two different measurement
techniques and the alkaline hydrolysis was applied with 0.05 M NaOH aqueous

solution in this study.

In the literature, FTIR and ATR-FTIR methods were used for the verification of the
alkaline hydrolysis process. Tulos et al. applied alkaline hydrolysis to cellulose
acetate fibers with 1.0 M NaOH-Ethanol solution for different application durations
as 90 and 180 minutes. After the alkaline hydrolysis, they checked with FTIR and
ATR-FTIR for different alkaline hydrolysis time ranges and saw that small peaks
belonging CA were still visible in the spectrum after 90 minutes while the peaks
coming from CA were absent after 180 minutes. % In the study of Imir et al., different
alkaline hydrolysis concentrations and solvents were also tested, and 0.05 M NaOH
— water medium exposure of one day to the cellulose acetate membrane was used for
complete alkaline hydrolysis.® In another study, Liu et al. used aqueous and
ethanolic 0.05 M NaOH solution for the fabrication of regenerated cellulose fibers.*®
When the experimental results were compared with the literature data and the studies
done in our research group, the alkaline hydrolysis data were consistent with
literature, and the deacetylation of the cellulose acetate membrane was completely

achieved in 0.05 M NaOH-water solution within one day.
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3.2 Membrane Morphology

To observe the morphology of the membrane surface and cross-section of the
cellulose membranes, scanning electron microscopy (SEM) method was used. It was
observed that all membranes have symmetrical, nodular and low porosity structures
as shown in Figure 3.4.Although the porous structure of membranes are not obvious
in the SEM images, the permeance performances of the membranes show that they
have a porous structure.

In the cross-section images, it can be seen that the skin layer of the ISA type
cellulose membrane cast from casting solutions having lower polymer concentration
is more distinct, implying a higher extent of asymmetry in the membrane. In the
literature, similar observations were reported in the studies of Ali et al. and Tiron et

al. with PVDF and PS membranes.16416>
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Figure 3.4. Cross-sectional SEM images of membranes

61




3.3 Membrane Characterization and Performance Tests

3.3.1 Effect of the Alkaline Hydrolysis of the PWP and Blue Dextran (20
kDa) Rejections
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Figure 3.5.Pure water permeance comparison of cellulose acetate and cellulose

membranes

To investigate the effect of the alkaline hydrolysis procedure on the membrane, the
pure water permeance (PWP) and rejection performances of the cellulose acetate and
cellulose membranes were illustrated in Figure 3.5. When the data in the chart are
considered, the pure water permeances of the membranes generally increased after
the alkaline hydrolysis. Similar observations were also done by Imir et al.% Firstly,
the difference may stem from the different swelling characteristics of the cellulose
acetate and cellulose membranes. According to the studies of Durmaz et al., cellulose
film swells approximately 20 times more than cellulose acetate does in water and the
permeance becomes higher by the swollen polymer matrix.>® Additionally, Kosuti¢

et al. observed the permeance increase with the alkaline hydrolysis of the cellulose
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acetate RO membranes in study on the research on the effect of the hydrolysis on
performance, pore size distribution and effective number of pores. In the study,
sodium bicarbonate/sodium carbonate soution was used for the alkaline hydrolysis
with 90 h duration under 17 bar applied pressure. They explained the permeance
increase after alkaline hydrolysis with the closing of a part of the small network pores
and accompanying an increase in the other pores on the membrane skin.’®® As a
result, swelling and the change in the pore network caused an increase in the
permeance. As an additional observation, the membranes cast from the solution
including PEG400 resulted in less permeance increase while the greatest permeance
difference was observed for CA20 as a membrane not containing PEG400. In the
membranes cast from the solutions containing PEG, the pores can be considered as
more well-connected so this may cause less permeance difference by not allowing a
comparable change in the pore structure of the membranes due to the enlarged pore

connection network.

As shown in Figure 3.5, the Blue Dextran (20 kDa) rejections generally increased
for the membranes after alkaline hydrolysis. At this point, the swelling behavior
difference of cellulose acetate and cellulose should be considered. Durmaz et al.
showed that cellulose swells 20 times higher than cellulose acetate does.®* Therefore,
the swollen polymer matrix can cause narrowed pores as well as increased water
permeation through the swollen matrix in the membranes by resulting in higher

rejection values.
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3.3.2 Effect of the Morphology Tuning Factors on the Pure Water
Permeance and MWCO of Cellulose Membranes

In this study; the effect of polymer composition, pore former agent use, co-solvent
content and pre-evaporation in the casting solution, coagulation bath temperature and

annealing on pure water permeance and MWCO was investigated.

The simultaneous illustration of the pure water permeance and MWCO values of the

membranes are shown in Figure 3.6.
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Figure 3.6. Pure water permeance and Average MWCO trend of the membranes

In MWCO tests, probes having similar molecular structures and available in a wide
range of molecular weight values, which are PEGs having different molecular
weights as 400, 2000, 6000, 10000 and 20000 Da, were used. The MWCO curves
were plotted according to the best fit of the PEG rejection as a function of PEG
molecular weight in Figure 3.7. As illustrated in the figure, the MWCO values in

water were mainly in the range of 3-10 kDa. Then, the best candidate membranes
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were selected for the photolithography waste purification according to their

separation performance.
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Figure 3.7. MWCO curves of cellulose membranes

The polymer content of the casting solutions was kept in 20%-30% cellulose acetate
range. To get high rejection performance with the SU-8 photoresist, the production
of tight ultrafiltration membranes was aimed. According to the literature, the
membranes fabricated from the casting solutions having high polymer content results
in denser membranes.?2%5-°9167 The general trend in the experimental permeance
data obtained in this study was similar, and the permeances decreased with the
increase of polymer content of the casting solution. It was observed that the MWCO
value of the membrane decreased from approximately 10 kDa to 3 kDa by the
increase in the cellulose acetate concentration from 20% to 30% in the casting

solution.

As another morphology tuning factor, the effect of the pore former agent use in the

casting solution was also investigated. The main aim of the pore former addition is
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to increase the permeance of the membranes fabricated via phase inversion method
without decreasing the rejection of the membrane by the highly soluble character of
pore former additives in the non-solvent (water) of the phase inversion. The pore-
former agent molecules leave the casting solution phase leaving well-interconnected
pores in the membrane structure.*®® When the pore-former additive composition in
the casting solution increases, the permeance increases and mostly the rejection
decreases a little.”®168169 |n the literature, the pore former agents like polyethylene
glycol (PEG) and polyvinylpyrrolidone (PVP) were used to tune the morphology of
the polymeric membranes like cellulose acetate or polyethersulfone.”®% It was
stated that pore former agent addition like PEG and PVP caused a permeance
increase stemming from higher porosity for CA, PS etc. polymeric membranes."®
175 The aim of the use of pore-former agents is to enhance the permeance of the
membrane; but if the porosity increases together with the pore size, the permeance-
rejection trade-off becomes an issue. In this study, PEG400 was added as the pore
former to the casting solutions, because the pore formers with high molecular weight
have higher tendency to remain in the membrane structure after coagulation and PEG
was preferred instead of PVVP due to the higher rejection decrease for the membranes
cast from solutions with PVP in literature.” In the casting solutions 10% PEG400
content was used since more PEG use in the casting solution weakens the membrane
mechanically.’? I1f the CA20P10-AH and CA20-AH membrane permeance
performance data in Figure 3.6. are compared, it can be seen that the PEG400

addition led to an increase in the permeance with no change in MWCO.

A co-solvent addition and the pre-evaporation step of it before coagulation were also
studied in the literature to produce membranes with dense skin layers by increasing
the polymer concentration of the casting solution with pre-evaporation. Kim et al.
searched for the effect of acetone usage as a co-solvent on the performances of flat
sheet and hollow fiber cellulose acetate membranes from cellulose acetate and 1-
ethyl-3methylimidazolium acetate solutions, and observed that BSA and y-globulin
rejections were increased to 91% and 98% levels by stating that co-solvent use led

to high polymer concentrations and more selectivity.” Similarly, in this research,
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acetone was used as the co-solvent of the cellulose acetate. An improvement in the
MW(CO performance similar to the studies in the literature was observed with the
10% acetone addition into the membrane casting solution with a 30-minute pre-
evaporation procedure under Nz stream. A decrease in the permeance was observed
by the comparison of CA25P10-AH and CA25P10A10-AH membrane permeance
performances. As can be seen in Figure 3.6, the decrease in MWCO from 10 kDa to
6 kDa and decrease in the permeance approximately from 5 to 3 L/m2.h.bar for
CA25P10-AH and CA25P10A10-AH membranes, respectively.

For the membranes fabricated via the phase inversion method, the coagulation bath
temperature is one of the factors affecting the membrane morphology and the
porosity. In two different studies of Saljoughi et al., it was stated that the cool
coagulation bath temperature resulted in a decrease in PWP and increase in human
serum albumin (HSA) and insulin rejections with a denser structure for cellulose
acetate membranes.'®>170 In this study, the effect of coagulation bath temperature
was observed with the CA25P10A10-AH and CA25P10A10-CC-AH membranes. In
a similar way, the permeance results of CA25P10A10-AH was higher than the
permeance of CA25P10A10-CC-AH membrane and the MWCO of the membranes
were 5 kDa and 4 kDa, respectively.

Annealing of the cellulose acetate membranes is one of the methods to produce
denser membranes because annealing causes a decrease in the free volume between
the polymer chains. By this way, it was possible to obtain denser cellulose
ultrafiltration membranes via the annealing application on the cellulose acetate
membrane before alkaline hydrolysis. Mahendran et al. applied an annealing
procedure to the cellulose acetate membranes in the range of 70-90°C and an increase
in the BSA rejection from 95% to 100% with a permeance decrease was observed
with the change in the pore size and distribution. They observed that the annealing
application resulted in the fabrication of denser cellulose acetate membranes and the
decrease in the permeance was also detected especially when the applied temperature

was higher than 70°C.1%7 In another study, the effect of annealing temperature of
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cellulose acetate reverse osmosis membranes on performance was shown in Figure
3.8.
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Figure 3.8. Effect of annealing on permeate flux and salt rejection cellulose acetate

reverse 0smosis membranes °

For this purpose in this study, CA25P10-AN-AH and CA25P10A10-AN-AH
membranes were fabricated via annealing application at 85°C for 3 hours in water
before the alkaline hydrolysis process i.e., the annealing was applied to cellulose
acetate membranes. Generally, it was observed that annealing did not change the
permeance significantly while PEG rejections increased in MWCO tests. The
membranes in this study were mainly in tight UF membrane range. Hence, annealing
made membrane filtration range closer to the NF range. Although pore flow is the
main transport mechanism in the UF membranes, tight UF membranes closer to the
NF range may be under the effect of the combination of pore flow and solution
diffusion model due to the tightened polymer matrix of the membrane by thermal
annealing. During filtration, water can pass through both the membrane pores and

the polymer matrix, although PEG molecules would dominantly pass through the
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membrane pores due to the low diffusion coefficient of PEG in membrane material.
So, it can be speculated that upon annealing while pores became smaller, the final
cellulose matrix may have become more open for water transport, hence balancing

the reduced water flow through the smaller pores.

The main purpose of tuning was to fabricate a cellulose membrane which is suitable
for the photolithography waste purification. From this aspect, the critical
performance improvement was achieved with the CA25P10A10-AN-AH by the use
annealing while the permeance and separation performance of CA25P10-AN-AH
membrane were similar to the data of CA25P10-AH membrane as the not annealed

version of it

As a general result, increasing polymer content in the casting solution, co-solvent
usage with the pre-evaporation step before coagulation, decrease of the coagulation
bath temperature to 0°C and the annealing application decreased the MWCO value
of the cellulose membranes. According to the literature, drying of the membranes is
one of the methods to increase the rejection of the membrane by pore collapsing but
it causes a significant decrease in the permeance.*®!® That is why the drying
procedure of the cellulose membranes produced in this study was not a preferred

method to increase the rejection.
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3.3.3 Pure Solvent Permeance and MWCO Test Performance of
Cellulose Membranes in Different Solvents

The transport through the membrane is mainly affected by the interactions between
the solute, solvent and the membrane. Hence, the effect of the solvent type on the
pure solvent permeance and the MWCO of the membrane was examined after the
MWCO determination process in water. From this point of view, the relations
between the solvent type, swelling ratio, solvent viscosity, permeance and the
MWCO performance were investigated. For this purpose, the experiments were
performed with CA25P10A10-AN-AH and CA20P10-AH membranes.
CA25P10A10-AN-AH was one of the membranes having lowest MWCO values
being more practical to fabricate and resulted in the best SU-8 filtration performance
and used in the experiments of solvent recovery from photolithography waste. On
the other hand, CA20P10-AH was a more open membrane with larger pores. The
pure solvent permeance of CA25P10A10-AN-AH is shown in Figure 3.9.
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Figure 3.9. Pure solvent permeance vs. viscosity* data for CA25P10A10-AN-AH

membrane
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The membranes for which pore flow model is dominant, permeance is inversely
proportional to the reciprocal of solvent viscosity. Drioli et al. stated that solvent
viscosity is inversely proportional to the permeance for porous membranes for which
pore-flow model is dominant and that is explained this by Darcy’s law.}’” On the
other hand, for dense membranes where solution-diffusion is effective, permeance
typically varies in direct proportion to the swelling of the membranes in the solvent.
In many cases, both mechanisms are effective. Vankelecom et al. stated that solvent
transport through nanofiltration membranes depend on viscosity, porosity and
swelling with the experiments carried out with commercial MPF 50, which is
commercial composite membrane having silicone top layer, and PDMS solvent
resistant nanofiltration membranes.'’® In that study, it was shown that the solvent
permeance is inversely proportional with solvent viscosity and directly proportional
with swelling with experiments carried out with methanol, isopropanol, acetone,

ethyl acetate and toluene.

Stamatialis et al. studied permeance of oil/toluene and TOABT/toluene feed mixtures
and hydrophobic PDMS based PAN supported and more hydrophilic PEO-PDMS-
PEO based PAN supported membranes.t”® As a result, they found that pure solvent
permeances are mainly dependent on the solvent viscosity and membrane swelling
by showing there is a linear relation between PSP and swelling of the

membrane/solvent viscosity ratio.

The same analysis was done for CA20P10-AH membrane by the addition of DMSO
permeance data to the experimental data carried out in our research group by
Caglayan et al. (Figure 3.10).18° Similar results were observed with the results of
CA25P10A10-AN-AH membrane by observing water was over the trend and
PGMEA was under the trend. Although the membrane is more porous than
CA25P10A10-AN-AH, it appears that pore flow and solution-diffusion mechanisms
are simultaneously effective for this membrane as well. The SEM images (Figure
3.4) which show quite dense and low-porosity membrane cross-sections support this

behavior.
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Figure 3.10. Pure solvent permeance vs. viscosity* data for CA20P10-AH

membrane

If the pure solvent permeance results are compared with literature, it can be seen that
the permeance results are reasonable when compared to the cellulose OSN
membrane permeance results. In the study of Konca et al., DMSO permeance of the
cellulose OSN membrane was measured as 0.13 L/m?.h.bar.*’” In another study,
Anokhina et al. tested the DMF permeance of cellulose composite OSN membranes

and it was measured as 0.28 L/m?2.h.bar.**

In our study, permeance of five different solvents, which are water, methanol,
dimethyl formamide, dimethyl sulfoxide and PGMEA, were investigated. Overall,
the pure solvent permeance was inversely proportional with the solvent viscosity,
but the permeances of water and PGMEA were out of the general linear trend. The
reason behind this exceeding behavior for water may be related to high swelling ratio
of the cellulose membrane in water (Table 3.2), which allows water to flow through
both the pores and the swollen polymer matrix to a larger extent than the rest of the
solvents. On the other hand, among all solvents tested, PGMEA is the bulkiest, which
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may have slowed down its diffusion through the polymer matrix. As a general
conclusion, it appears that both pore flow and solution-diffusion are effective in
solvent permeance of the membranes, where for the solution diffusion mechanism,
both the solubility of the solvent, indicated in the membranes’ swelling in the
solvent, as well as its diffusion coefficient in the membrane matrix appears to affect

the permeance.
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Table 3.2. Solvent chemical structure, viscosity, swelling ratio of dense cellulose

film, molecular weight, molar volume and pure solvent permeance data

) ) . Swelling | Molecular Molar
Chemical Viscosity ) ) PSP
Solvent Ratio Weight Volume
Structure (cP) (L/m2.h.bar)
% (g/mol) | (cm3/mol)
O CHg
PGMEA | | A _ocks 1.10 19 132 137 0.12
3
0]
DMSO g 1.99 32 78 71 0.20
N
HsC CH3
O
DMF HJLN’CHQ’ 0.92 2 73 77 1.17
I
CHs3
5
Methanol | H-C-O-H 0.59 8 32 40 2.40
|
H
O
Water H yd \H 0.89 110 18 18 2.88

Following the permeance tests, the MWCO tests were performed and the comparison
of the membrane performances in the solvents with different properties were

analyzed. The related MWCO curves are shown in Figure 3.11.

74



100 ; =
90
80
70
60
50
40

Rejection %

30
20
10

1 10 100 1000 10000 100000
Molecular Weight (g/mol)

DMSO mMeOH A Water

Figure 3.11. MWCO test results in different solvents

The solvent types were determined according to their PEG dissolution quality to
obtain consistent results with the same probes. The MWCO values were measured
as 1.3 kDa, 3 kDa and 5 kDa in DMSO, water and methanol, respectively.

In literature, Anokhina et al. stated that the enhancement in the rejection character of
the cellulose NF membrane stemmed from the narrowed pore structure due to the
swollen membrane polymer via the MWCO tests performed with different aprotic
solvents.'® In that study, DMSO, NMP, DMFA, THF and acetone solvents were
used and higher than 90% Remazol Brilliant Blue R rejections were obtained with
the cellulose membranes giving higher than 100% swelling ratios by resulting in
230% swelling in DMSO at most.

In the studies of Koops et al. and Bhanushali et al., it was stated that the rejection
performance was mainly affected by the solute size, shape and the solute affinity to
membrane material and the preferential transport was observed in water for the
membrane materials having high affinity like cellulose acetate’s affinity to water due

to the -OH groups of cellulose acetate and strong hydrogen bonding of water.182183
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Additionally, Darvishmanesh stated that solvent affects the effective solute size in
that particular solvent and the effective size is dependent on solvent type because of
hydration of solute by solvent and solvation.'® Therefore, the rejection is affected
by the solute size in the solvent. Similarly, Shen et al. stated that the rejection of
reverse osmosis membranes, for which solution-diffusion model is dominant, is
dependent on the hydrated solute size by the hydration shell of water molecules and
hydrogen bonding between organic solute molecules and membrane material 1%

In the UF membranes in our study, while the solvent can pass through the membrane
in both swollen polymer matrix and pores, PEG probes are expected to pass primarily
through the pores. While water swells the membrane matrix the most, the lowest
MWCO is observed in DMSO. Hence, it appears that neither the narrowing of pores
nor the preferential permeation of solvent through the polymer matrix can explain
the change in MWCO in the three solvents studied.

We analyzed the PEG coil sizes in the solvents via DLS using PEG 20 kDa. The coil
diameter decreased in the order DMSO (11.3 nm) > Water (8.3 nm) > Methanol (6.6
nm) as shown in Figure 3.12. The related MWCO values are 1.3, 3 and 5 kDa,
respectively. Hence, the size of the PEG chains in these solvents may explain the
variation in MWCO of the membrane in these three solvents.
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Figure 3.12. DLS results of PEG20K in Methanol (left), Water (Middle) and
DMSO (right)
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Solvent viscosity has also been related to solute rejections in literature.l’® The
MWCO values in DMSO (1.99 cP), water (0.89 cP) and methanol (0.59 cP) were 1.3
kDa, 3 kDa and 5 kDa, respectively. From this point of view, the MWCO value of
the membrane decreased with the increase in the viscosity. Vankelecom et al.
correlated this behavior with the physico-chemical approach by stating that the
viscosity reflects also the dual interactions of the moving molecules, and although
viscosity is a bulk property, it also shows the friction amount during permeation.*’®
It was also explained that viscosity should be regarded as a property showing the
mutual interactions between the migrating molecules and the interactions of them
with the wall in both porous and non-porous systems. Hence, rejection in solvents

with high viscosity was expected to increase.
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3.4 Photolithography Waste Purification

In this study, SU-8 was used as the photoresist which is an epoxy based negative
photoresist. The main components of photoresists are base resin polymer, photoacid
generator and casting solvent. The casting solvent makes spin coating process
possible. Then, the solvent is evaporated by the soft baking before the exposure step.
After soft baking, the photoresist which is exposed to UV radiation transforms with
the initiation of triaryl sulfonium based salt photoacid generator (PAG) and if the
photoresist is positive type, it becomes soluble in the developer solution, and on the
other hand, the photoresist is crosslinked and becomes insoluble in developer if it is

negative photoresist.

According to the SU-8 series, photoresist contains different casting solvent like
gamma-butyrolactone or cyclopentanone. After the soft bake the solvents were
removed from the photoresist and only SU-8 photoresist and triarylsulfonium
hexafluoroantimonate PAG remain on the coated surface.

The aim of this study was to obtain recovered solvent having high purity required
for photolithography by the filtration of SU-8 photoresist and PGMEA developer

solvent mixture with cellulose membranes.
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34.1 SU-8 Resin Elemental Analysis for Photo Acid Generator
Concentration Detection

For the determination of the exact amount of photoacid generator in SU-8 due to the
observation of the UV-VIS peak overlap of the photoacid generator triarylsulfonium
hexafluoroantimonate salts and the SU-8 photoresist, elemental analysis of the SU-
8 resin after solvent evaporation was carried out. By considering the size of the
photoacid generator, it was assumed that the PAG salts were not rejected by the
membrane and the PAG concentrations in the permeate and feed side would be equal.
For the analysis of the PAG content of the SU-8 resin, the solvent was evaporated
from the resin and the elemental analysis are done for C, H and S elements. At this
point, the most distinctive element was S, because there was S only in the chemical

structure of PAG. The result of elemental analysis is shown in Table 3.3.

Table 3.3 SU-8 resin elemental analysis percentages

Sample C% H% S%

SU-8 Resin after
Solvent 72.48 6.94 0.35

Evaporation

Accordingly, considering the S content of the PAG salts, the photoacid generator
content was calculated as 3.4% in the resin and the photoacid generator content range
in the literature and the MicroChem Chemicals company datasheets were 1-5%. So,
the obtained atomic percentage results and the estimation of the photoacid generator
content ratio, shown in Appendix D in detail, was consistent with the manufacturer

specification.
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34.2 SU-8 and Photo Acid Generator UV-VIS Spectra

For the concentration determination of SU-8 and the photoacid generator, UV-VIS
spectrophotometry was utilized. To correctly detect the concentration of the SU-8
photoresist, the investigation of the peak overlaps was needed. The detection of the
effect of the photoacid generator triarylsulfonium hexafluoroantimonate salt on the
SU-8 photoresist UV_VIS spectrum was necessary, so the determination of the pure
photoacid generator (PAG) spectrum was needed. Triarylsulfonium
hexafluoroantimonate salt as the photoinitiator is available in the market as 50%
triarylsulfonium hexafluoroantimonate salt- 50% propylene carbonate mixture.
Therefore, the propylene carbonate solvent was firstly evaporated and then the PAG
salt was dissolved in PGMEA. In this way, the UV spectrum analysis of the pure
PAG, obtained by the evaporation of the solvent from PAG-propylene carbonate
mixture, was done. The spectra of the pure PAG aligned to the SU-8 concentration
according to the elemental analysis and SU-8 feed, permeate solutions’ spectra are
illustrated in Figure 3.13.
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Figure 3.13. UV-VIS spectra of PAG salt (in PGMEA) proportional to SU-8
concentration, SU-8 feed, 1%t and 2" stage permeates of SU-8 filtration, 0.025 wt%

PAG salt in PGMEA (a), zoomed version of the main spectra (b)
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The measured PAG mixture spectrum was compared with the data of Sigma Aldrich
Chemical Company and the experimental data were consistent.'8®

When the UV-VIS spectrums of the SU-8 and PAG salt were evaluated, an overlap
was observed due to the aromatic groups in the structures of both. As stated
previously, the PAG content in the SU-8 photoresist resin was detected as 3.4% via
elemental analysis. So, an analysis was carried out by considering the concentration
of photoresist and photoacid generator in the filtration limits. The pure PAG
spectrum was obtained with the evaporation of solvent in PAG-propylene carbonate
mixture and then the dissolution of it in PGMEA. By this method, the solution was
prepared with PAG in PGMEA and the spectra of PAG and SU-8 were compared
with each other according to the required concentrations in the photoresist resin. The
PAG molecules are so small according to the pores of the membranes produced for
this project, so it was assumed that the PAG concentration in both feed and permeate
samples were the same because of the lack of rejection. It means that the absorbance
stemming from the PAG was almost the same in all feed, retentate, permeate
samples. That is why the absorbance at 277.5 nm coming from the PAG was
calculated according to the maximum SU-8 concentration in the photolithography
waste. The SU-8 concentration of the photolithography waste of developer bath is
approximately in the range of 0.5-2.5 g/L. Thus, 2.5 g/L was chosen as the reference
concentration for this overlap comparison, and this was also the concentration at
which the synthetic waste filtrations were performed to measure the purification
degree at highest impurity level. For the accuracy in UV-VIS measurements, a
dilution with 1:20 ratio was done for all the samples by using pure PGMEA and the
dilution ratio was not changed from one sample to another to keep consistency for
all the materials and impurities affecting the absorbance at that wavelength.
According to this analysis, the absorbance of SU-8-PAG mixture was approximately
1.226 and the absorbance of PAG was 0.022 in diluted samples for the filtration
simulations performed at the maximum concentration in the limitations. Therefore,
it was assumed that the SU-8 measurement was not significantly affected by the PAG

absorbance due to the negligible error coming from the PAG, but the rejection errors
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coming from the PAG may be more effective on the permeate analyses of 2" stage
SU-8 filtrations due to the low SU-8 concentration according to the constant PAG

concentration assumption.
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3.4.3 Pure PGMEA Permeance of the Membranes

— 30 100 —~
T 090 8
o : A
ﬁ % 080 <
= 070 E
j -
S) 060 =
[¢B]
S 15 050 £
S 040 &
= 10 030 &
o
_— * 020 <
L L
< 010 s
= i 000 O
(<5} . [a
j -

(5]
T \Q,vg‘ =

o

g
Q)
s@

# \Water Permeance € PGMEA Permeance

Figure 3.14. Water and PGMEA permeance comparison of the membranes

The pure PGMEA permeance results were compared with the pure water permeance
values of the same membranes in Figure 3.14. Although the permeance changes with
the membranes of the different casting solutions are obvious for the pure water
permeance measurements, the PGMEA permeance performances change very little
for different membranes at 10 L/m2.h.bar order of magnitude level. The reasons
behind this result can be considered as different polymer-solvent interactions,
swelling behavior of cellulose in water and PGMEA, different solvent viscosities.
For CA30P10A10-AH membrane, the result was a little different from the other
membranes and the reason of the further decrease in water permeance may be the
combined effect of denser membrane structure caused by higher polymer
composition in casting solution and the possibility of narrowed pore structure due to
the more swollen polymer matrix in water according to PGMEA.
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34.4 PGMEA Permeance and SU-8 Rejection Performance During SU-8
Filtration Tests

After the determination of the pure PGMEA permeance, the SU-8 photoresist
filtration tests were done at 10 bar in the stainless-steel dead-end filtration cell for
the photolithography waste removal simulation. The feed concentration was kept
approximately at 1.5+1 g/L SU-8 in PGMEA concentration to simulate the real
photolithography wastes. According to the permeance data recorded during the
filtration tests, the permeance decreased slightly during the filtration due to

concentration polarization.

The comparison of the SU-8 filtration results and the MWCO test performance of
the same membranes in water are shown in Figure 3.15. As can be observed, the
membranes having lower MWCO values resulted in higher SU-8 rejection values
and similar SU-8 rejection values were measured for the membranes with similar
MWCO performances. Additionally, SU-8 sorption measurements are done in
PGMEA and sorption was not observed. So, there is no effect of sorption on SU-8

rejection determination.
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Figure 3.15. SU-8 rejections and water MWCO values of the membranes
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In this study, synthetic photolithography waste solutions were prepared and purified
with the cellulose membranes. Single-stage and two-stage filtrations were performed
and the solvents with 99.95% and 99.99% purity level, which was calculated
according to the SU-8 concentrations of the permeates, were respectively obtained

by the membrane filtration applications.

For CA30P10A10-AH membrane, the permeance and filtration rejection
performances are illustrated in Figure 3.14 and 3.15 for 40% solvent recovery ratios
for both filtration stages. Next, from the membranes having the same rejection
performance, the membranes with higher PGMEA permeance for higher solvent
recovery ratio were used by aiming to obtain recovered solvents in larger amount
considering a better representation of large-scale applications. The performance data

of the filtrations were illustrated in the form of data versus % solvent recovery ratio.

For this purpose, the SU-8 filtrations with high solvent recovery ratios, as 80% and
70% for 15tand 2™ filtration stages respectively, were performed with CA25P10A10-
AH and CA25P10A10-AN-AH membranes. These membranes were selected due to
the low MWCO values in water MWCO tests and accompanying more reasonable
permeance performance compared to the CA30P10A10-AH membrane. The results
of CA25P10A10-AH membrane were shown in Figure 3.16. and 3.17.
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Figure 3.16. SU-8 rejection and PGMEA permeance of CA25P10A10-AH

membrane during filtration
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As a result of the filtration experiments carried out with two different membranes,
higher rejection values were generally observed for both stages with CA25P10A10-
AN-AH membrane which is the annealed type of CA25P10A10-AH membrane. As
another observation, the rejections were measured lower for the 2" stage filtrations
and it can be related with the increased effect of PAG on SU-8 concentration
detection due to the lower SU-8 concentration in the second stage permeates of all
SU-8 filtration tests. Thus, the manipulating effect of PAG on apparent SU-8
rejection was calculated for CA25P10A10-AN-AH membrane filtrations. For the 1%
and 2" stages of filtrations, change from nominal rejection to real rejection was
calculated, and in the 1% stage, rejection changed from 91% into 91.4% and for the
2"d stage, rejection changed from 79% into 82%, according to the assumption of no
rejection for PAG salts. So, it can be seen that the PAG effect was higher in the
samples having low SU-8 concentrations and this may show the SU-8 rejection lower

than the reality for especially 2" stage filtrations.

Additionally, SU-8 rejections may have been affected by the slight fouling in the 1%
filtration stages, causing an increase in the rejection. The experiments were repeated
and consistent results were obtained. For the permeance during filtration, further
decline was observed for CA25P10A10-AH membrane compared to the
CA25P10A10-AN-AH membrane performance. The reason of this result may be the

denser skin layer of annealed membrane by resulting in less fouling behavior.
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Figure 3.18. SU-8 concentration path during filtration

In the light of this information, the required purity level was obtained in the
experiments performed with synthetic photolithography waste solutions. The best
rejection performance was obtained with CA25P10A10-AN-AH with approximately
90% and 80% rejection levels for 1%t and 2" stage of filtrations, respectively. The
concentration path from feed to permeate was illustrated in Figure 3.18. The
concentration of the photolithography waste from the developer bath is
approximately 2.5 g/L and the starter feed concentration is adjusted to that value for
this reason. In total, 56% of the solvent with 0.18 g/L SU-8 concentration was

recovered with two stage filtration.

As a summarizing chart, the rejection and permeance performances for both stages
were illustrated in Figure 3.19. For CA25P10A10-AH and CA25P10A10-AN-AH
membranes, the 1% and 2" stage filtration solvent recovery% levels were

approximately 80% and 70%, respectively. On the other hand, 1% and 2" stage
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filtration solvent recovery% levels were approximately 40% for CA30P10A10-AH
membrane. As can be seen, the highest rejections were measured with
CA25P10A10-AN-AH membrane with reasonable permeance when compared with
the other membranes. Hence, CA25P10A10-AN-AH membrane was used in the
further SU-8 filtration experiments and the photolithography tests.
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Figure 3.19. SU-8 rejection and Permeance/PSP data at the end of filtration stages
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345 Photolithography Performance of the Recovered Solvent

Finally, the photolithography performance of the recycled solvent by cellulose
membrane filtration was tested. As photolithography steps up to the rinsing step;
surface cleaning with acetone, SU-8 photoresist spin coating, soft baking for casting
solvent evaporation, UV exposure with photomask, post-exposure bake, immersion
into PGMEA developer bath and rinsing step with isopropanol were applied, in
order.

The recorded microscope images of the starry pattern were shown in Figure 3.20.

Figure 3.20. Starry imprinted surface via photolithography before UV exposure

In the photolithography test, the imprinted patterns obtained with fresh PGMEA and
recycled PGMEA solvent developer bath were compared. In Figure 3.21. for
comparison, the image on the upper left side belongs to the sample of fresh PGMEA
developer bath and the image on the upper right side belongs to the sample from
recycled solvent bath. Additionally, the image at the bottom shows the pattern of the
recycled solvent bath from wider angle. In Figure 3.22, SEM images of the imprinted
starry patterns with fresh and recycled solvents are shown. As can be seen, it was

observed that the results were promising.
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Figure 3.21. Microscope images of starry pattern after developer bath step with
recycled solvent (upper right and bottom) and fresh PGMEA solvent (upper left)

.
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BI: 8.00 Det: SE 200 ym BI: 8.00 Det: SE 200 pm
SEM MAG: 250 x  Date(m/dly): 07/05/21 Performance in nanospace SEM MAG: 250 x  Date(m/dly): 07/05/21 Performance in nanospace
R-11

OK

Figure 3.22. SEM images of starry pattern imprinted by fresh developer solvent

(left) and recycled solvent (right)
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The quantification of the error in pattern quality was determined via perimeter and
concave angle measurements from the SEM images as shown in Figure 3.23. The
five edge stars of photomask having 108° concave angles, used in photolithography
have 100 micrometers radius hence approximately 727 micrometers perimeter. The
perimeters of stars in SEM images were measured as 821 um and 842 pum for fresh
and recycled solvent cases, respectively. The related concave angles are measured as
108° and 120°. For the concave angle of the fresh solvent case, there was no error
with 108° according to the photomask pattern. The reason behind the change in the
pattern quality may be the remaining PAG salts on the edges of the stars. Considering
that in the actual developer bath, the triarylsulfonium salts will partly decompose, as
shown in Figure 1.11, better pattern fidelity may be expected.

SEM HV: 10.0 kV WD: 15.00 mm VEGA3 TESCAN| SEM HV: 10.0 kV WD: 15.00 mm |
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Figure 3.23. Starry pattern imprinted by fresh developer solvent (left) and recycled
solvent (right) at x750 magnification

92



CHAPTER 4

CONCLUSION

In this study, cellulose ultrafiltration flat sheet membranes were fabricated for the
solvent recovery from photolithography waste. Cellulose membranes were produced
via alkaline hydrolysis of cellulose acetate membranes. Alkaline hydrolysis degree
was analyzed with ATR-FTIR spectra of the samples regenerated in NaOH-water
solutions having different concentrations and complete alkaline hydrolysis durations
were determined for different concentrations. As a result, alkaline hydrolysis of the
membranes were done in 0.05 M NaOH solutions for 24 h. In the first part of the
study, the morphology tuning parameters of cellulose ultrafiltration membranes were
varied and the performance of membranes was investigated with permeance and
rejection tests. As the morphology tuning factors of the polymeric membranes;
casting solution polymer composition, pore-former addition, co-solvent usage,
annealing and coagulation bath temperature were evaluated. Firstly, all of the
membranes were tested by water permeance tests and molecular weight cut-off
(MWCO) tests with PEG probes. By this way, MWCO levels of the membranes were
determined and the MWCO of the membranes were generally in 3-10 kDa range.
The tightest UF membranes with the lowest MWCO values were obtained with
CA30P10A10-AH and CA25P10A10-AN-AH membranes having approximately 3
kDa MWCO level. On the other hand, permeance of CA25P10A10-AN-AH

membrane was higher.

In the second part of the study, PGMEA solvent recovery from the SU-8
photolithography wastes were done with cellulose ultrafiltration membranes. To
mimic the photolithography wastes, SU-8 mixtures were prepared in PGMEA and
then, the filtration was done with the fabricated cellulose membranes. The recycled
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solvent was obtained with two stage filtration via CA25P10A10-AN-AH membrane.
At the end of the 1%t and 2" stages of the filtration, approximately 90% and 80% SU-
8 rejections were obtained. The permeate mixture of the 2" stage filtration was
reused in SU-8 photolithography. In the photolithography, starry patterned
photomask was used and the change in pattern quality was evaluated by the
comparison of fresh and recycled solvent cases. Microscope and SEM images of the
patterns showed that the results of recycled solvent case was promising. For the
quantification of the change in quality, the perimeter and concave angles of the stars
in the fresh solvent and recycled solvent cases were compared. As a result, 3% star
perimeter from 821 um to 842 pm and 11% concave angle errors from 108° to 120°

were observed in recycled solvent case compared to the fresh solvent case.
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APPENDICES

A. Calibration Graphs

Gel Permeation Chromatography and PEG Probe Calibratioins

In the Gel Permeation Chromatography analyses of the MWCO test samples, the
specific measurement conditions and settings were used for all measurements.1.0
ml/min, 30.5°C and water were used as the flow rate, analysis temperature and the
mobile phase, respectively. Whereas HPLC Online software was used for the
observation of the live analysis and the management of the settings, HPLC Offline
program was used to detect the chromatograms, probe retention times, peak areas
and to export the graphs for the peak deconvolution if necessary.

In the GPC device, there are four main units as IsoPump, Sampler, Column
Compartment and RID unit. Before the GPC analysis of a sample, the purge valve
of the RID unit was opened and it was kept for at least 1 hour. Then, the purge valve
was closed and the samples in the GPC vials were placed into the Automatic Liquid
Sampler (ALS) compartment holders. The pre-defined method with the specific
conditions for the analysis of the MWCO test samples was loaded. When all the units
were in ready position, the analysis sequence was given to the software with the
coordinates of the GPC vials in the ALS compartment. After the analysis, the RI

signal vs. retention time data was exported in the HPLC Offline software.

To determine the retention time vs. molecular weight relation, the calibration was
done with Agilent EasiCal Pre-prepared Calibration Kits at the start-up step and the
relation equation was obtained. The graph showing this relation was illustrated in the
Figure A.1 and the equation was found as log(MW)=8.308-0.5644xRT. In the
equation, MW and RT represent the molecular weight and the retention time,

respectively.
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Figure A.1. MW(Da) vs. RT(mins) relation graph for the GPC calibration

The concentration of the MWCO test samples was determined by the concentration
vs. GPC unit area calibrations for the PEG probes and the calibration graphs were

shown in Figure A.2-6.
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Figure A.2. PEG 400 Da calibration graph

118



Peak Area

Peak Area

180000 -
y = 170388x + 739.26
160000 - R2=0.9994

140000 -
120000 -
100000 -
80000 -
60000 -
40000 -

20000 -

0 T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Concentration (g/L)

Figure A.3. PEG 2 kDa calibration graph
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Figure A.4 PEG 6 kDa calibration graph
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Figure A.6. PEG 20 kDa calibration graph
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Figure A.7. Blue Dextran 5 kDa calibration at 620 nm
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Figure A.8. Blue Dextran 20 kDa calibration at 620 nm
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SU-8 Calibration and SU-8 & PAG UV-VIS Spectra
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Figure A.9. SU-8 Calibration at 277.5 nm
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Figure A.10. SU-8 Solutions UV-VIS Spectra
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Figure A.11. PAG Salt UV Spectrum (0.025 wt % PAG/PGMEAand 0.2405 g

PAG in Liter PGMEA)
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B. Membrane Rejection Sample Calculation

Initial feed concentration: 0.0414 mM

Table B.1. Rejection calculation data

VFeed Vpermeate | VRetentate Creed Crermeate | Cretentate | Rejection
(ml) (ml) (ml) (mM) (mM) (mM) (%0)
10 15 8.5 0.0412 0.0023 0.0480 95
8.5 15 7 0.0480 0.0018 0.0579 97
7 2 5 0.0579 0.0016 0.0805 98

The sample rejection calculation was done for the results of Blue Dextran 20 kDa
filtration with CA25P10-AH membrane. The feed concentration of each step was
calculated by the material balance and the retentate concentration of a step was the
feed concentration of the next step. As a result, the difference between the actual and

calculated concentrations stemmed from the dye sorption by the membrane.

_ Cpermeate * Vpermeate T Cretentate * Vretentate

C =
Feed VFeed
0.0016 * 2 + 0.0805 * 5
Feed,3 = 7 = 00579 mM
0.0018 * 1.5 + 0.0579 « 7
Feed2 = = 0.0480 mM
’ 8.5
0.0023 * 1.5 + 0.0480 = 8.5
Feed,1 = = 0.0412 mM
’ 10
Rejection % = (1 - Crermeate )xlOO
(CFeed + CRetentate)/z
Rejection; % = (1 0.0023 ) 100 = 95%
Cjection 7o =1 7 0.0412 + 0.0480)/2) X" = 727
0.0018

Rejection, % = (1 )xlOO =97%

~ (0.0480 + 0.0579)/2

0.0016
(0.0579 + 0.0805)/2

Rejectionz % = (1 )xlOO =98%
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C. Membrane Surface SEM Images
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Figure C.1. SEM surface images of the membranes

124



D. Elemental Analysis PAG Concentration Calculation

In the calculations, elemental analysis results shown in Table 3.3 were used.

Basis:100 g SU-8 and PAG mixture

03582 . 12%C = 0.13 mol C coming from PAG
329 mol S
724%8C — 6.04 mol C existing in the whole mixture
12molC

(6047019 Mol € _ ) 068 mol SU-8
87 —2

mol SU8

035gS 1 mol PAG

3295 5mol S
mol S

= 0.002 mol PAG

0.002 mol PAG x 1635 g/mol = 3.27 g PAG

(0.068)mol SU8 x 1400 g/mol = 95 g SU-8

3.27
%Ratio of PAG to SU8 = 95 100 = 3.4%
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E. SU-8 Calibration Mixture Concentration Calculation and Mixture

Preparation

SU-8 coating thickness: 100 micrometers
Coated glass size: 2.5 cm x 2.5 cm

By multiplying the coating thickness with the area, the coated SU-8 volume was

obtained.
(6.25 cm? coated area ) x (0.01 cm coating thickness)= 0.0625 cm® SU-8
Then, the weight of SU-8 film was calculated by using SU-8 density.
(0.0625 cm®) x 1.2 g/cm® = 0.075 g SU-8

To prepare a SU-8 mixture having 2.5 g/L concentration, the coated SU-8 film was
dissolved in 30 ml PGMEA. So, 2.5 g/L photoresist mixture was prepared in
PGMEA.
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F. Blue Dextran Rejection Results
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Figure F.11. Blue dextran and PEG probes’ rejection comparison

In addition to the MWCO tests with PEG probes of different molecular weight
values, the cellulose membrane rejection performances of Blue Dextran 5 and 20
kDa probes were measured with CA20P10-AH, CA20-AH and CA25P10-AH
membranes. As can be seen in Figure F.1., the rejection generally increases with the
increasing polymer content of the membrane casting solution. The increasing
polymer ratio of the casting solution results in denser membranes, so better rejection
performance was expected. In addition, Blue Dextran 5 kDa rejections were almost
the same for CA20P10-AH and CA20-AH membranes, but the Blue Dextran 20 kDa
rejection was higher for CA20-AH. The result can be explained in terms of the
content of the pore former agent — PEG400. When the results of CA20P10-AH and
CA25P10-AH membranes were compared as the membranes having the same

PEG400 concentration in the casting solution and different polymer compositions, it
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was observed that the rejection was increased for all the probes with increasing
polymer composition. As another point, PEG 6 kDa rejections were lower than Blue
Dextran 5 kDa rejections for these membranes and it can be explained by the sorption
because the sorption blue dextran 5 kDa was higher than the PEG 6 kDa sorption.
So, the sorption might have been manipulated the rejection results by showing the
rejection higher. Additionally, the blue dextran filtrations were done in dead end
filtration cells and PEG filtrations were done in cross-flow systems. The possibility
of sorption in dead-end module may be higher than the cross-flow system and it may

be one of the reasons of this difference between the probes.
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G. Hansen Solubility Parameters in Different Solvents

Table G.1. Hansen solubility parameters in different solvents

Poylmer | 3D ((MPa)*1/2) | 5P ((MPa)*1/2) | 5H ((MPa)*1/2) | Ro

Cellulose | 25.4 18.6 24.8 21.7

Solvent | 3D (MPa)*1/2) | 3P (MPa)*1/2) | H (MPa)"1/2) Ra"2 | Ra |RED
PGMEA |15.6 5.6 9.8 778.16 | 27.90 | 1.29
Water | 155 16 423 705.05 | 26.55 | 1.22
Methanol | 15.1 12.3 22.3 470.3 |21.69 |1.00
DMF [174 16.7 11.3 441.86 |21.02 |0.97
DMSO |18.4 16.4 10.2 414  |20.35 |0.94
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