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ABSTRACT

GAS PERMEATION AND SORPTION PROPERTIES OF ZIF-8 FILLED
POLYMERIC MEMBRANES PREPARED BY INFRARED AND
INCANDESCENT LIGHT INDUCED LIQUID AND VAPOR PHASE
INVERSION

Antepli Tiizlin, Burcu
Ph.D., Department of Chemical Engineering
Supervisor: Prof. Dr. Halil Kalipgilar

Co-Supervisor: Prof. Dr. Levent Yilmaz

December 2017, 307 pages

In this study, the effects of production method parameters, zeolitic imidazole
framework (ZIF-8) as filler and para-nitro aniline (pNA) as low molecular weight
additive on membrane morphology and gas separation properties were investigated.
Membranes were characterized by single gas permeability measurements and
sorption measurements of CO2 and CH4 as well as scanning electron microscopy
(SEM).

In the first part of this study, asymmetric PES membranes were produced by wet
phase inversion method. The polymeric membranes prepared in isopropanol (IPA)
coagulation bath with 25% vl. dimethylformamide (DMF) have CO, permeance
44% higher than that of prepared with pure IPA. The polymeric membranes
prepared in IPA coagulation bath with 10% vl. water have CO, permeance 175%
higher as compared to the one prepared with pure IPA. Observations show that 10%
loading of ZIF-8 with 60 nm crystal size results in 86% increase in CO2 permeance

and 13% increase in CO2/CHj selectivity of PES membrane.



In the second part, PI membranes prepared via light induced dry-wet phase
inversion method. This is a new method and is not used in literature before. Infrared
(IR) and incandescent lamp (IL) light were used as energy source during dry
inversion step in order to control the rate and extent of evaporation of volatile
solvent. When the IR exposure was less than 60 s at dry inversion, the membrane
permeance sharply increased with IR exposure and then decreased slightly. Further
increase in IR exposure period created denser and low permeate Pl membranes. The
maximum permeance was observed when the IR exposure took less than 10 s. The
permeance was about 8.51 GPU, 2.44 GPU and 0.13 GPU for Hz, CO2 and CHag,
respectively. Solvent ratio THF/DMF was the other parameter whose effect was
studied. CO2 permeance of PI membranes was measured 0.81 GPU, 2.55 GPU and
6.65 GPU corresponding to the 0.80, 0.42, 0.17 THF/DMF ratio of casting solution,
respectively. For PI membranes, ZIF-8 loading resulted in thicker skin layer and

lower permeance.

In the third part, asymmetric PI membranes were produced via light induced dry-
vapor phase inversion method. This study is different from literature in terms of
both being developed a new method and producing the first gas separation and the
first mixed matrix membrane by this new method. This method led to slow phase
inversion, closed pores and thicker skin layer, thereby lower permeance was
observed. The two important opportunities of this method were fixing the ZIF-8
crystals in the skin layer and incorporating of pNA into the membrane. Previously,
pNA diffused into coagulation bath during wet phase inversion and could not be
incorporated into the membrane. For mixed matrix-pNA membranes produced by
this method, the maximum selectivity was about 3.24, 132.68, and 40.9 for H,/CO.,
H2/CH4 and CO2/CHa, respectively.

In the last part, effect of ZIF-8 loading on sorption capacity of dense Pl mixed

matrix membrane (MMM) was investigated. CO> sorption capacity increased by
22% and 40% at 10 bar corresponding to ZIF-8 loading by 10% and 20 %. The
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enhancement in CH4 sorption capacity was 20% and 60% at 10 bar corresponding
to 10% and 20% ZIF-8 addition. Dual mode sorption parameters of neat Pl and
Pl/ZIF-8 MMM were calculated. kp and b increased and Cy decreased due to
incorporation of ZIF-8. Based on the variation in the dual-mode parameters, the
free volume of MMM decreased, nevertheless sorption capacity increased because
the affinity between membrane and penetrant enhanced. Mixture gas sorption
experiment was carried out for three different compositions namely 30:70, 50:50,
70:30 CO2:CHa. In the multicomponent sorption in glassy polymers the solubility
of all gases depressed with different extents due to a competitive effect. The
competition has a much stronger impact on methane than on carbondioxide
solubility. For example, for mixture containing %49 CHa- %51 COz2, solubility of
CHa decreased about 75% with respect to pure CHa, while the solubility of CO2
decreased by 35% with respect to pure COz.

Keywords: Gas separation, Asymmetric Pl and PES mixed matrix membranes, Gas

sorption, Light induced phase inversion, Zeolitic Imidazole Framework (ZIF-8)
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KIZILOTESIi VE AMPUL ISIGI YARDIMIYLA SIVI VE BUHARDA FAZ
DEGIiSiM YONTEMLERIYLE URETILEN ZIF-8 DOLGULU
POLIMERIK MEMBRANLARIN GAZ GECIiRiM VE SOGURMA
OZELLIKLERI

Antepli Tiiziin, Burcu
Doktora, Kimya Miihendisligi Bolimii
Tez Yoneticisi: Prof. Dr. Halil Kalipgilar
Ortak Tez Yoneticisi: Prof. Dr. Levent Yilmaz

Aralik 2017, 307 sayfa

Bu ¢alismada, iiretim yontemlerinin degiskenlerinin, dolgu maddesi olarak ZIF-8
ve diisiik molekiil agirlikli uyumlastirict olarak pNA kullaniminin membranin
morfolojik ve gaz gecirim 6zelliklerine etkisi incelenmistir. Membranlar, Hz, CO2
ve CHg tek gaz gecirgenlik ol¢limleri, taramali electron mikroskopu (SEM) ve gaz

sogurma Ol¢iimleriyle test edilmistir.

Bu calismanin ilk bdoliimiinde, asimetrik PES membranlar 1slak faz degisim
yontemiyle iiretilmistir. Izo-propanol (IPA) ¢okeltme banyosunda 25% hacimce
dimetilfformamide (DMF) eklenmesi PES membranin CO: akisinin 44%
arttirmistir. [PA ¢okeltme banyosunda hacimce 10% su eklenmesiyle CO»
gecirimliligi saf IPA banyosunda hazirlanan membranlara kiyasla 175% oraninda
artmistir. Kiitlece polimerin 10%’u oraninda, 65 nm kristal boyutunda ZIF-8
eklenmesiyle CO. gecirgenligi 86% CO./CH4 ideal segiciligi 13% oraninda

artmistir.

Ikinci béliimde, PI membranlar daha 6nce literatiirde hi¢ denenmemis bir yontem

olan 1s1k yardimiyla kuru-islak faz degisim yontemiyle iiretilmistir. Bu yontemde
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kiz1l6tesi yada aydinlatma ampiiliiniin enerjisi kuru faz degisimi siiresince ugucu
¢oziiciiniin buharlagsmasini Kontrol etmek amaciyla kullanilmistir.  Kuru faz
degisimi siliresince IR maruziyetinin 60 saniyeden az oldugu durumlarda, membran
gaz gecirgenlik degerleri Once birden artmig, daha sonra azalan bir egilim
gostermistir. IR maruziyetinin 60 saniyeyi astig1 durumlarda, elde edilen membran
daha kalin, daha yogun bir gozeneksiz se¢ici tabaka kalinligina ve gorece daha
diisiik gecirgenlige sahiptir. En yiliksek gegirgenlik degeri, IR maruziyetinin 10
saniyeden daha az oldugu iiretim kosullarinda elde edilmistir ve yaklasik olarak H»
icin 8.51 GPU, COz2 igin 2.44 GPU ve CHs igin 0.13 GPU olarak ol¢iilmiistiir.
Ugucu ve ugucu olmayan c¢oziicliniin birbirlerine orani incelenen bir diger
degiskendir. 0.80, 0.42 ve 0.17 THF/DMF oranmiyla hazirlanmis membranlara
karsilik gelen COz gegirgenligi sirasiyla 0.81 GPU, 2.55 GPU ve 6.65 GPU olarak
Olctilmistir. PI/ZIF-8 karisik matrisli membranlarda, ZIF-8 eklenmesi daha kalin
bir segici kabuk tabaka olusumunu ve daha diisiik gegirgenlik degerlerinin elde

edilmesini saglamstir.

Calismanin tg¢ilincii bolimiinde, asimetrik PI membranlar 1s1k yardimiyla kuru-
buharda faz degisim yontemiyle tiretilmistir. Calismamiz, literatiirde daha once
denenmemis bir yontemin gelistirilmesi ve yine bu yontemle iiretilmis ilk karigik
matrisli gaz ayirim membranlarinin g¢alisilmasi yoniinden farklidir. Bu yontem
kuru-islak faz degisim yontemine kiyasla ¢ok daha yavas bir faz degisimi, kapali
gozenekler, nispeten daha kalin bir secici kabuk tabaka ve dolayisiyla diisiik
gecirimli bir membran olusumuna neden olur. Bu yontemin en dnemli avantaji,
ZIF-8 kritallerini ¢okmeden ince kabuk tabakanin i¢inde sabitlemesi ve pNA’ nin
polimere tutunmasini saglamasidir (pNA 1slak faz degisimi siiresince polimer
coOzeltisinden ayrilarak c¢okeltme banyosunun igine ge¢mektedir). Bu yontemle
tiretilmis PI/ZIF-8/pNA karisik matrisili membranlar i¢in tespit edilmis en yiiksek
ideal secicilik degerleri sirasiyla Ho/CO2igin 3.24, H2/CHas igin 132.68 ve CO2/CH4
i¢cin 40.9.



Son bolimde ise karisik matrisli simetrik gézeneksiz PI/ZIF-8 membranlarin ZIF-
8 eklenmesine bagl olarak degisen CO ve CH4 sogurma kapasiteleri incelenmistir.
PI'mn kiitlece %10’u ve %20’si oraninda ZIF-8 eklenmesiyle, membranin 10 bar’da
CO2 sogurma kapasitesi sirasiyla 22% ve 40% artmistir. Ayni sartlarda CHa
sogurma kapasitesi ise sirasiyla 20% ve 60% yiikselmistir. Eldeki sogurma
kapasitesi verilerine bagli olarak simetrik gozeneksiz saf PI ve PI/ZIF-8 karisik
matrisli membranlarin ikili-kipli sogurma kapasite sabitleri hesaplanmistir.
Membrana ZIF-8 eklenmesiyle Henry tipi sogurma sabiti kp ve benzetimlik sabiti b
artarken, Langmuir tipi sogurma sabiti Crrin azaldigr tespit edilmistir. Bu durum
membranin dengede olmayan bosluk hacminin ZIF-8 eklenmesiyle azaldigi ancak
membranin gazlarla olan etkilesiminin artmasindan kaynakli olarak sogurma
kapasitesinin arttig1 tespit edilmistir. Karisim gaz sogurma deneyleri 30:70, 50:50,
70:30 CO2:CH4 olmak iizere ii¢ farkli derisimde gergeklestirilmistir. Camsi
polimerlerde nufiiz eden gazlarin rekabetinden kaynakli olarak her iki gazinda
sogurulma kapasitelerinde azalma goriilmiistiir. Rekabet¢i ¢dziinmenin metan
lizerine etkisi karbondoksitten ¢ok daha baskindir. Ornegin, 49:51 CH4:CO;
karigitminda saf hallerine kiyasla, metan c¢oziintrligi 75% azalirken,

karbondioksitin ¢coOziiniirligu 35% oraninda azalmigstir.

Anahtar Kelimeler: Gaz ayirimi, asimetrik PI ve PES karigik matrisli membranlar,
Gaz sogurulumu, 151k yardimiyla faz degisim yontemi, Zeolitik Imidazolat Kafes-8
(ZIF-8)
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CHAPTER 1

INTRODUCTION

Energy demand of world is increasing constantly due to population growth,
technological improvement and industrial evolution (Kannan and Vakeesan, 2016).
The total worldwide primary energy consumption in 1990 was reported around 350
quadrillion Btu. By the year 2014, this value reached 546 quadrillion Btu
(International Energy Statistic, 2014). This primary energy demand is met by oil
(33%), coal (%29), natural gas (24 %), hydroelectricity (6.8%), nuclear energy
(4.4%) and renewable energy (2.8 %) ( BP: Statistical Review of World Energy,
2015). A similar growth in energy demand can also be observed in our country.
Currently, the primary energy consumption of Turkey is reported as 5 quadrillion
Btu and is estimated to reach 8 quadrillion Btu by 2023. Today, primary energy
demand of Turkey is provided by natural gas (35%), coal (28,5%), oil (27%), hydro
(7%), and renewable energy sources like wind or solar energy (2,5%). In Turkey,
the 90% of the primary energy demand was obtained from fossil fuels (Turkey’s
Energy Profile and Strategy, 2016).

Fossil fuel resources in the world are limited and getting depleted. World
oil reserves, natural gas reserves and coal reserves in 2015 are predicted to be to
supply 50 years, 53 years and 144 years of global production, respectively
(BP: Statistical Review of World Energy, 2015). Limitation and fast depletion rate
in fuel energy source, green-house gases emission due to fuel source consumption,
catastrophic risk and expense of nuclear energy impose people to look renewable

and clean energy source (Chen and Wu, 2017; Kannan and Vakeesan, 2016).

Biogas is that mainly composed of carbon dioxide (%30-40 v.) and methane
(%60-70 vl.) is produced during anaerobic digestion of organic substrate. It is an
alternative energy source because of its high methane content. There are several
environmental advantages of biogas production and utilization. First of all, it is a

renewable energy source and its production is an alternative way for management
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of landfills, animal manure, wet organic waste, household garbage. A high quality

digestate that is produced during anaerobic digestion can be used as fertilizer.

Biogas has calorific value in the range of 13.5-27.5 MJ/m3. Energy content
of biogas which is proportional to its methane content (Kurchania et al., 2010). The
energy content of biogas can be upgraded by removing carbon dioxide. Purification
of biogas is also important to protect pipelines from corrosive and acidic nature of
CO2 and H2S. The biogas purification process is anticipated to be cheap and energy
efficient to keep the cost of biogas low and to make it comparable with fossil fuels.
Pressure swing adsorption, water scrubbing, organic physical scrubbing, chemical
scrubbing, cryogenic distillation and membrane separation are some of the
processes that can be applied for CO2 removal from biogas and natural gas. Among
them membrane separation is an appealing process because of its low capital cost,
low space requirements, favorable operating condition (low temperature and
pressure), high energy efficiency, ease of processing and scaling up (Basu et al.,
2010). Moreover, membrane separation does not require phase change during the
separation process, hence energy consumption is reduced. Lack of mechanical
complexity and relatively small processing unit are the other advantages of
membrane separation. ("Chemical & Engineering News: Cover Story - Membranes
for Gas Separation,” 2005). Membrane market for purification of methane is
estimated to grow $220 million/yr by 2020 (Sanders et al., 2013).

The membrane, which is the heart of every membrane process, is a semi-
permeable barrier between two phases. Separation occurs because of the ability of
membrane to transport one component in a mixture more readily than the others.
The driving force can be difference in temperature, concentration or pressure.
Polymers, zeolite, carbon molecular sieves, ceramics (siliconiumcarbide,
zirconiumoxide, titaniumoxide), glasses (Pyrex, Vycor) and even metals

(palladium, silver) can be used as membrane materials (Mulder, 2010).

Recently, polymers are widely used as membrane materials in gas
separation. Table 1.1 shows commercial polymeric gas separation membranes, their

application and supplier. Polymeric membranes are attractive because they can be



produced easily and continuously with high surface area per unit volume. Relatively
low cost of large scale production makes them appealing for industrial application
("Chemical & Engineering News: Cover Story - Membranes for Gas Separation,”
2005; Chung et al. 2007; Lu et al., 2007).

Table 1.1 Commerically polymeric gas separation membranes (Basu et al., 2010).

Membrane Supplier Application
Polydimethyl Siloxane MTR Hydrocarbon vapor
(PDMS) seperation
Polysulfone (PSF) Air Products H> and air separation
Polycarbonate (PC) MG Generon Air separation
(Messer)
Polyimide (PI) UBE, MEDAL CO2-CHa, H2-CHg, air
(Air Liquide) separation
Polyaramide (PA) MEDAL (Air H> separation
Liquide)
Cellulose Acetate (CA), Cynara (Natco), CO2-CHj4 separation
Cellulose tri-Acetate
(CTA) Saparex (UOP)

The performance of a gas separation membrane is shown by two important
parameters; namely selectivity and permeability coefficient (it is called
permeability, briefly) of the membrane. Permeability of a pure gas (P) through a
polymeric film membrane is defined by Eqn. 1.1 where Ap is the trans-membrane
pressure difference, L is thickness and G is normalized (normalized to the cross-
sectional area) steady-state gas A flux. Generally, permeability coefficient is
expressed in unit of Barrer which is equal to 10° STP cm® cm/ (cmHg s. cm?)
(Sanders at al. 2013).

p=GXL STP cm3 ¢

m
Ap /s. cmHg cm? Egn. 1.1

Selectivity is the separation ability of a membrane. Ideal selectivity is

defined as the ratio of pure gas permeance of two species. Membrane materials,
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production methods, physical and chemical properties of species (both penetrant
and membrane materials) affect the performance of membrane (Mulder, 2010).
High permeance is important for large scale purification and high selectivity is

important for effective separation.

A list of widely used polymeric membranes and their gas permeability
performance are summarized in Table 1.2. The range of the permeability is very
large. For example, CO> permeability in polycarbonate (PC) is 4.23 Barrer, while
in polydimethyl Siloxane (PDMS) is 2700 Barrer. Table 1.3 is depicted the thermal
properties and fractional free volume of dense film of various polymers and some
physical properties influencing transport property of gas molecules are listed in
Table 1.4.



Table 1.2 Permeability of polymeric membranes at 30 °C (* Nunes and
Peinemann, 2006 ; ® Qui et al., 2006)

Polymer Permeability (Barrer) Selectivity

H | CO2 02 N2 | CHs P(co2)/P(cH4)

Cellulose Acetate 15 6.3 059 (021 |0.21 30
(CA)?

Ethylcellulose (EC) | 87 26.5 265 |84 19 1.4

a

Tetrabroma-BisA- - 4.23 1.36 [0.18 |0.13 32.5
Polycarbonate (PC)?

Polydimethyl 550 2700 |500 |250 |800 34
Siloxane (PDMS)?

Polyimide (PI)*® 28.1 10.7 213 (032 |0.25 42.8

Polymethylpentene | 125 84.6 27 6.7 14.9 5.7
(PMP) @

Polyphenyleneoxide | 113 75.8 168 |3.81 |11 6.9
(PPO)*

Polysulfone (PSF)? | 14 5.6 1.4 0.25 |0.25 22.4

Poly(1- 15850 | 31333 | 8120 | 5490 | 14833 2.1
trimethylsilyl-1-
propyne) (PTMSP)®

Solution-diffusion model is used to explain gas transport in all nonporous
polymeric gas separation membranes (Graham, 1995). In this model, gas is sorbed
by the face of membrane exposed to high pressure, diffuse through the membrane
and desorbed from the face of the membrane surface exposed to low pressure. In

this model, gas permeability coefficient can be expressed as the product of gas
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solubility coefficient (S) and diffusion coefficient (D). Permeability coefficient is
directly proportional to solubility coefficient and diffusion coefficient. Solubility
coefficient is in unit of cm3(STP)/cm?® polymer atm and diffusion coefficient is in

unit of cm?/sec.
P =SxD Eqgn. 1.2

In solution-diffusion mechanism, diffusion through the membrane is the rate
limiting step and determined by the local scale segmental dynamics of the polymer
chains. The local scale segmental dynamics of the polymer chains defines the free
volume elements of polymer through which the gas molecules carry out Brownian
motion. In other words, the local segmental motions of polymer chains and the
packing of polymers are two critically variables influencing the diffusion of small
gas molecules through polymers (Sanders et al.,2013). Increase in chain mobility
and segmental motion leads to increase in fractional free volume, which enhances
transport of gases through polymeric materials (Loat, 2001). As depicted in Table
3, PTMSPT which has the highest fractional free volume and the highest gas
permeability coefficient (Table 1.2). Decrease in chain mobility and restricted
segmental motion provide denser membrane materials which enhances diffusion
selectivity and perm-selectivity (Loat, 2001). The higher glass transition
temperature (Tg) is associated with lower chain mobility and denser polymeric
materials. Thus, polyimide, which has among the highest Tg values (Table 1.3),
shows the highest CO2/CHjs selectivity (Table 1.2). However, drawing a correlation
between Tg and membrane selectivity failed because of complex nature of factors
influencing gas transport through polymeric membrane (Hirayama et al., 1996;
Matteucci et al., 2006). For example, low-Tg polymers (e.g. cellulose acetate, 80
°C) can show high CO2/CHa selectivity or high-Tg polymer (e.g. PTMSP) can show
low CO2/CHjs selectivity.

The other parameter which effects significantly the diffusion coefficient is
the size of the penetrant. Penetrant with larger kinetic diameter has lower diffusion
coefficient (Loat, 2001, Matteucci et al., 2006). For example, lowest kinetic

diameter belongs to H> molecules (Table 1.4) which has the highest diffusion
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coefficient and hence the highest permeability in glassy polymeric membrane
(Table 1.2).

Solubility coefficient is the other factor which controls the permeability of
gases in membrane. Solubility coefficient is a thermodynamic factor and is closely
associated with the interaction between penetrant and polymer. S increases with
penetrant condensability characterized with by critical temperature, Lennard-Jones
potential well depth, normal boiling point. High critical temperature, high Lennard-
Jones potential well depth, and high normal boiling point are an indicate of ease of
condensability for gas molecules (Loat 2001, Sanders et al. 2013, Basu et al. 2010).
CO2 and CH4 which are the most condensable gases (Table 1.4), have higher

permeability in elastomeric membrane (Table 1.2) (Basu et al. 2010).

The stronger interaction between penetrant and functional group of polymer
leads to greater solubility coefficient. Thus, CO2 which has a significant quadrupole
moment by comparison with other noble gases, is highly soluble in polar polymers
(for example polymer containing amine group). This explains the higher
permeability of CO> than that of O despite their kinetic diameters that are closest
in value (Table 1.4).

The increase in fractional free volume leads to increase in solubility
coefficient (Loat 2001); however, it has a weaker effect on solubility than on
diffusivity (Matteucci et al. 2006).



Table 1.3 Thermal and structural properties of widely used polymeric membranes.

2006)

Polymer Glass Transition Fractional Free Volume
Temperature (TQ); (FFV)
°C
Tetrabroma-BisA- 263 (Matteucci, 0.092 (Sanders 2013)
Polycarbonate (PC) 2006)
Polydimethyl Siloxane -123 (Matteucci, 0.15~0.25 (Petzetakis et
(PDMS) 2006) al., 2015)
Polyimide (PI) 310 (Matteucci, 0.17 (Sanders 2013)

Polymethylpentene (PMP)

25-50(Wypych,

0.28 (Nunes & Peinemann,

propyne)

(PTMSP)

2016) 2006)
Polyphenyleneoxide 210 (Wypych, 2016) 0.183 (Sanders 2013)
(PPO)
Polysulfone (PSF) 186 (Matteucci, 0.144 (Sanders 2013)
2006) 0.159 (Morisato et al.,
1996; Matteucci, 2006)
Poly(1-trimethylsilyl-1- 230 (NIST) 0.343 (Morisato et al.,

1996)

0.29 (Nunes & Peinemann,
2006)




Table 1.4 Physical properties of gas molecules effecting transport properties (°
Matteucci, Yampolskii and Freeman, 2006; ¢ NIST; ¢ Enginnering ToolBox).

Gases Kinetic Critical Lennard- | Normal | Enthalpy of
Diameter | Temperature® Jones Boiling | Vaporisation
¢ (nm) (K) Potential | Pointd (kj/mol)
well (K)
depth°
(K)
CHs 0.38 191.0 148.6 111.7 8.2¢
CO2 0.33 304.21 195.2 - -
H: 0.289 33.24 59.7 20.4 0.9¢
P 0.364 126.2 714 77.3 5.6¢
02 0.346 154.6 106.7 90.15 6.8°

Permeance is measure of how much gas permeates across the membrane per
unit pressure difference. Permeance is equal to permeability coefficient divided by
the thickness of the thin dense selective layer (Eqn. 1.3). This value is expressed
in gas permeance unit GPU which is equal to 10°® STP cm®/ (cmHg s. cm?) (Sanders
etal. 2013).

F=f_GC STPcm3/

L~ Ap s. cmHg cm? Egn. 1.3

Permeance of the membrane is inversely proportional to the thickness of
membrane. Therefore, the thickness of membrane is reduced to obtain high
permeance membranes. However, a membrane must stand mechanical, thermal and
chemical stresses. Two types of membrane morphology, asymmetric and composite
membranes are synthesized to obtain the desired property (Zolandz and Fleming,
1992). An asymmetric membrane is made up of a thin dense layer of polymer

providing gas separation supported thick porous sublayer of same polymer



providing mechanical strength. A composite membrane is made up of by combining
two distinct layers of generally two different materials. The thin dense polymer
layer is responsible for gas separation. Whereas the thick microporous substrate
supplies mechanical stability. The thin polymer layer is coated or laminated on
substrate layer (Gupta, 2009).

Today almost all polymeric commercial membranes are prepared in
asymmetric structure with very thin non-porous dense selective layer (100 nm or
less) on porous support layer. This morphology provides high flux and robust
membranes. Asymmetric membranes can be produced both in flat sheet and hollow

fibers shape.

There are several methods to produce polymeric membranes. Some of them
are sintering, stretching, track-etching, phase inversion, dip-coating, vapor
deposition, interfacial polymerisation. Among these methods, phase inversion
covers large range of techniques such as precipitation by solvent evaporation,
precipitation from vapor phase, precipitation by controlled evaporation, thermal
precipitation, immersion precipitation, air casting of the dope solution (Mulder,
2010; Baker 2013).

In solvent evaporation method, polymer-solvent solution is cast on a
suitable plate and solvent is evaporated. A dense membrane layer is obtained by
this method. Gas permeation rate of this type of membrane is low (Tul Muntha,
2016). Despite the low permeance, this geometry is still the most frequently studied
one because of simplicity of solvent evaporation process (Dong et al., 2013). This
geometry supplies separation of penetrants even in similar size depending their
solubility in membranes. They are also studied frequently in the laboratory for

characterization of membrane separation properties (Baker, 2013).

Immersion precipitation method, introduced to literature by Loeb and
Sourirajan in 1963 (Loeb and Sourirajan, 1963), is a one step process providing
asymmetric membrane structure. This method is also known as dry-wet phase
inversion method and the most frequently used method because of 1ts important

advantage of rapid film formation at room temperature using inexpensive solvent
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such as water (Kausar, 2017). In this method, a homogeneous solution of polymer-
solvent is cast into flat film or extruded in hollow fiber shape and then converted to
solid state by immersion into non-solvent bath. Precipitation of polymer occurs due
to exchange of solvent and non-solvent. Solvent and non-solvent must be miscible
for this process. However, this process is more complicated than solvent
evaporation method, since at least three components are required. Moreover,
complex diffusion and mixing processes take place during process and these play

an important role on membrane morphology (Van de Witte et al., 1996).

In vapor induced phase separation method, polymer film is exposed to non-
solvent vapor and phase separation occurs due to absorption of non-solvent vapor.
VIPS process also includes wet inversion step. After exposure to non-solvent vapor
for desired time, membrane is quenched in coagulation bath. This production
method provides symmetric porous structure with sponge like pore size and narrow
pore size distribution. Although it is slow process, this method gives an opportunity
to control pore size and morphology by controlling relative humidity, exposure time
to humid air, air temperature and velocity of moving air. In academic literature, the
membranes produced via VIPS are generally used for ultrafiltration (Alexowsky et
al., 2016; Uragami, 2017; Chae et al. 1999).

The biggest problem of pure polymeric membrane which limits industrial
applications of them is the trade-off between permeability and selectivity. The
CO./CH4 separation and CO. permeability performance of various polymeric
membrane materials are shown in Figure 1.1. The upper limit of the polymeric
membranes is prescribed by Robeson in 1991 and updated in 2008. It is not possible
to exceeding this upper bound just by modifying the structure of polymeric
membrane. Because increasing in permeability leads to sacrifice in selectivity
(Robeson 2008; Chung et al. 2007)
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Figure 1.1 Upper bound correlation for CO2/CHjs separation (Robeson, 2008).

Mixed matrix membrane (MMM) is an alternative membrane morphology
to improve permeability and selectivity performance of membrane. The purpose is
to combine mechanical strength, ease of handling and low cost of polymeric
membrane with the high gas permeability and selectivity of inorganic membrane to
exceed the upper limit of Robeson plot (Chung et al. 2007; Mushtaq et al. 2013).
MMM is morphology made up of organic polymer as a bulk phase and inorganic
particle as a dispersed phase. Dispersed phase can be porous or non-porous.
Zeolites, carbon molecular sieves, nano-sized particles, metal organic frameworks
(MOFs), activated carbons, carbon nanotubes, titanosilicates, mesaporous silica are
the porous type inorganic filler. Silica, titaniumdioxide, and fullerene are non-pours

inorganic filler widely used in MMM production (Bastani et al. 2013).

The main challenge of MMM is poor contact between organic-inorganic

interfaces which lead to non-selective voids. Therefore, selectivity of mixed matrix
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membrane is effected negatively. To solve these problems; several methods have
been developed such as annealing above glass transition temperature of polymers,
adding plasticizer into membrane solution, modification of fillers’ surface by silane
coupling agent, surface initiated polymerization, low molecular weight additives
and glassy polymer blends (Mahajan and Koros ,2002). Yong et al., 2001 (2,4,6-
triaminopyrimidine (TAP)) and Sen et al., 2007 (p-nitroaniline (pNA)) suggested
low molecular weight additives (LMWA) to enhance adhesion between zeolite and
polymers. LMWAS act as an antiplasticizer, increase stiffness of polymer chains by
reducing segmental motion. This type of additives is worthwhile for high pressure
CO. separation, which leads to swelling of polymeric membrane.

1.1 Objective and Thesis Outline

The main objective of this Ph.D research was to develop asymmetric mixed
matrix gas separation membranes containing zeolitic imidazole framework (ZIF-8)
as a filler and para-nitro aniline (obNA) as a compatibilizer. The aim was production

of CO2/CHys selective membrane without additional coating.

Two different polymer, polyethersulfone (PES) and polyimide (P1) were
used in this research. PES and P1 are commercially available and widely used glassy
polymers for gas separation purpose. Asymmetric membranes with thin dense
selective layer (< 1um) were produced. The fillers should be smaller in size to be
able to disperse them in thin dense selective layer. For this purpose, ZIF-8 was
selected as filler, which can be synthesized at average particle size of 60, 20 and 10
nm in our laboratory. ZIF-8 is also suitable for CO./CHj4 separation because of its
zeolitic framework and pore size which is less than the kinetic diameter of CH4 and
bigger than the kinetic diameter of CO,. Effect of filler loading on the membrane

morphology and performance has been investigated.

Solvent evaporation method, dry-wet phase inversion method and vapor
phase inversion method have been used to produce polymeric membranes.
Influence of production method on membrane morphology and performance has
been investigated. The production of asymmetric neat and asymmetric mixed

matrix gas separation membrane and with defect-free and thin selective skin layer,
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and dispersion of filler without agglomeration are very important breakthrough in
the membrane research field. To provide this goal, several manipulations have been
carried out in the academic literature. In the present study, we used infrared light
lamp (IR) or incandescent lamp light (IL) energy in order to control the formation
of dense skin layer and to fix the filler in the skin layer. This study is the first one

in which light energy used in the membrane production process.
The Ph. D thesis has been written as a collection of several chapters.

First chapter provides a general background about polymeric gas separation
membranes and the main objectives of the thesis and introduces the parts of the

thesis.

The results of the research are presented and discussed in the following
sections. Each section included an extensive literature survey and theoretical
background part specific to the theme discussed in that chapter. Experimental
details, chemical and physical properties of materials, details of the test set-up are

also provided in each chapter.

In Chapter 2, the main focus is the gas separation performance of PES
membranes produced via wet phase inversion method. Effect of coagulation bath
composition, ZIF-8 loading, size of the filler, annealing type of filler on membrane
morphology and gas permeability of membrane have been investigated and

discussed.

In Chapter 3, the gas permeation test results of PES and Pl membranes
produced via dry-wet phase inversion method have been provided. During dry
inversion, polymer film was exposed to lamp light or infrared light in order to
control dry inversion and evaporation of volatile solvent. The volatile solvent
amount in the polymer solution, lamp light or infrared time exposure during dry
inversion are parameters which have been studied. The membranes are coated with

PDMS and effect of coating has been discussed.

Asymmetric Pl membrane have been produced with different method, dry-

vapor phase inversion. Instead of water, humid air was used. In this part of the work,
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humidity of air and volatile solvent amount in the polymer solution were kept
constant. Time period of dry inversion and IR exposure time are parameters. The

results are given in Chapter 4.

Chapter 5 includes also the study about gas sorption properties of Pl
membrane. For gas sorption test, symmetric dense Pl membranes produced via
solvent evaporation method has been used. Effects of ZIF-8 content, compatibilizer

content and feed gas composition on sorption property of membrane were studied.
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CHAPTER 2

ASYMMETRIC NEAT PES MEMBRANES AND ASYMMETRIC
PES/ZIF-8 MIXED MATRIX MEMBRANES PRODUCED BY WET
PHASE INVERSION

In this chapter, the morphological and gas transport properties of PES
membranes produced by wet phase inversion method were presented. The main
objective was to assess the parameters controlling the morphology and gas
permeation characteristic of asymmetric PES membranes produced by wet-phase

inversion.

The permeability of PES (reported permeability coefficients of PES for Ho,
COo, and CH4 are 8.96, 3.38 and 0.112 Barrers, respectively (Li and Chung, 2008))
is lower than several polymers such as Polymer of Intrinsic Microporosity (PIM),
Poly(1-trimethylsilyl-1-propyne) (PTMSP) or Matrimid. PES was selected as
polymer in this study. Because PES is cheap and commercially available, which are
crucial for industrially applicable membrane materials. Despite their high
permeance, PIM and PTMSP can be produced in small scale in laboratory, which
is a great disadvantage for industrial application. Furthermore, PES is widely
studied in literature as membrane materials. Several specific properties of PES such
as ideal selectivity, Flory-Huggins interaction parameters for several solvent and
non-solvent are easy to access. This feature provides an advantage in terms of
controlling the accuracy of our results. Selection of solvent and nonsolvent were
carried out according to affinity, interaction and miscibility of PES-solvent-
nonsolvent pairs. Selection of solvent nonsolvent pairs was discussed in part

Chapter 2.2 extensively.

The gas permeation test and SEM test results of neat PES and PES-ZIF-8
mixed matrix membrane prepared via wet phase inversion method are presented
and discussed in this chapter. XRD, TGA, BET and SEM test results of filler, ZIF-

8 crystals are provided in section 2.4.
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2.1 Theoretical Background about Polymeric Membrane Formation via

Phase Inversion

Polymeric membrane precipitation is induced by touching polymer solution
to a vapor or liquid nonsolvent. Diffusional mass exchange between solvent and
nonsolvent brings to a change in the local composition of polymer film. Polymer
solution may be precipitated by different ways. Three most common are shown in
Figure 2.1 (Ren and Wang, 2010);

1. Immersion Precipitation: Polymer solution is submerged into a nonsolvent
bath. The nonsolvent diffuses into the casting polymer solution and the
solvent diffuses from the casting solution to the coagulation bath. This is a
fast precipitation beginning from top of the casting solution surface.

2. Vapor Adsorption: The casting solution is exposed to vapor involved
nonsolvent and precipitation occurs due to adsorption of nonsolvent.

3. Solvent Evaporation: The casting polymer solution is precipitated by

evaporation of solvent.

These three processes are shown in Figure 2.1

immersion precipitation

vapor sorption solvent evaporation

(coagulation bath) :
NS ? NS

| :
|
|
|
| |
; : s
| |

casting solution (polymer+solvent+nonsolvent+additives)

support

Figure 2.1 Schematic presentation of three common polymeric membrane
precipitation process; where S represents solvent and NS represents nonsolvent.
(Ren and Wang, 2010).

During the preparation of a membrane, these three processes may take place
simultaneously. For example, in the time period between casting and immersion

precipitation, the solvent in the casting solution evaporates and simultaneously
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humidity in the air is adsorbed by the casting solution. Finally, immersion

precipitation occurs and final structure of membrane forms (Ren and Wang, 2010).

Formation of an asymmetric membrane prepared via phase inversion is
explained by both the thermodynamics of the polymer-solvent-nonsolvent system
and the kinetics of transport process (Ismail and Yean, 2003; Reuvers 1987; Ren
and Wang 2010). Thermodynamic behavior of the system can be described by
ternary phase diagram shown in Figure 2.2. Ternary phase diagram is composed of
four different regions.

Region I; one phase region: is homogeneous one phase liquid state

Region II; liquid-liquid two phase region: composed of one unstable and
two metastable regions, solution will distinguish into two liquid phases; namely

polymer rich and polymer lean.

Region III; liquid-solid two phase swelling: polymer will be swollen in the
solvent-nonsolvent mixture. Since polymer cannot dissolve in this mixture, there is

no polymer in the mixture.

Region IV; one phase glass and swelling: polymer is at its glass state.
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liquid-solid two-phase swelling
spinodal

binodal liquid-liquid two-phase solution
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S (solvent) R C N(nonsolvent)

Figure 2.2 Schematic ternary phase diagram of polymer-solvent-nonsolvent system
(Ren and Wang, 2010).

In Figure 2.2, binodal (BAC) and spinodal (DAE) curves show the boundary
of two metastable areas; the first one BAD at high polymer concentration region,
the second one CAE at low polymer concentration region. Area DAE formed by
spinodal curve and gelation boundary is unstable area. The Point B, at which the
porous structure of the polymer rich phase will be vitrified, named as Berghmans’

point.

Figure 2.3 illustrates the membrane formation by phase inversion. Figure
2.3 includes both ternary phase diagram, the possible phase separation path and
resulting membrane morphology depending on following path and gelation time.
Four possible membrane morphologies are shown and black or dark grey regions
represent polymer matrix, while white area represents empty pores. Point A
represents the composition of casting solution. If the solution follows path 1,
homogeneous glassy membrane is obtained. If the solution follows path 2, porous
membrane morphology is obtained. Based on the phase separation type, pores could

be formed and dispersed throughout polymer matrix (path 2-1), bi-continuous
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polymer matrix could be formed (path 2-2) or polymer phase might nucleate and

grow in pores (Ren and Wang 2010).

gelation time

delay time

S C N

Figure 2.3 Schematic representation of membrane formation for phase inversion
process (figure modified from Ren and Wang, 2010).

For the polymer-solvent-nonsolvent system following path 2, when the
solution passes over the binodal curve and comes to point S1, the solution separates
two phase; namely polymer rich phase (point S2) and polymer lean phase (point
S3) (see Figure 2.4). Later on, polymer rich phase constitutes the polymer matrix,
while polymer lean phase forms pores. This phenomenon is called liquid-liquid
phase separation or liquid-liquid demixing (Ren and Wang 2010). Liquuid-liquid
demixing mechanism of homogenous solution is strongly based on the stability of
solution. If the solution follows path 2-1 and reaches metastable region, phase
separation occurs via growth of stable nuclei which can be produced by certain
amount of change in concentration. This type of phase separation via nucleation
and growth is called binodal decomposition. If the solution follows path 2-2 and
reaches unstable region between spinodal curve and gelation boundary, the phase

separation occurs rapidly by small change in the composition. This type of phase
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separation called spinodal decomposition (Reuvers 1987).

coagulant bath -------ccemmmmm > 4 :
solvent i i nonsolvent

nascent skin layer ---» ’ A
polymer poor phase -._._2 | l |
polymer rich phase -----
= !i—‘ d) o %

Figure 2.4 Schematic representation of skin layer, polymer rich phase and polymer
poor (lean) phase of an asymmetric membrane (figure modified from Ren and
Wang, 2010).

The time period between the initiation of the immersion of polymer solution
into coagulant and onset of the liquid-liquid demixing (path A—S1) is named as
delay time (Reng and Wang 2010). Depending on delay time, two different
mechanisms will take place, which are instantaneous demixing and delayed
demixing. Instantaneous demixing means phase separation starts just after
immersion of solution into coagulant. In delayed demixing, the composition of
polymer solution spends time in homogeneous one phase region (Region I) for a
certain amount of time. Delayed demixing leads to a membrane type with relatively
thick selective layer suitable for hyperfiltration or gas separation. Finger like big
pores are prohibited in this type of demixing. Instantaneous demixing provides
membrane with very thin selective layer shows ultrafiltration performance (Reuvers
1987).

The gelation time is defined as the time interval between the liquid-liquid
phase separation and solidification of the polymer (S2—B). In other words, the time
required for polymer rich phase comes to Berghmans’ point B and final structure

of membrane stabilizes is called gelation time (Reng and Wang 2010).

Delay time, gelation time and competition between them are three important
parameters which determine the final morphology of membrane (Tanaka and
Stockmayer, 1994; Li et al. 1996).
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2.1.1 Formation of Membrane Surface based on Ternary System

Thermodynamics

In literature, there are different approaches about the formation of
asymmetric membrane structure. In this section, | listed widely accepted views
about asymmetric membrane formation. General acceptance is the origin of the
asymmetric membrane structure is originated from the asymmetric polymer
concentration distribution of casting polymer solution. Because of this polymer
concentration variation each layer follows different demixing and precipitation
paths (Ismail and Yean 2003).

According to Panar et al. 1973 and Tanny 1974, asymmetric polymer
concentration distribution throughout the membrane cross section is already present
before contacting nonsolvent, because the surface tension leads to higher polymer
concentration at the casting solution surface. Reuvers 1987, disagree with this idea
and suggested that polymer distribution alters and adjust to the new

thermodynamics situation just after immersion.

Loeb-Sourirajan 1963, Anderson and Ullman 1973, Kesting 1988 claimed
that asymmetric polymer concentration comes from evaporation of solvent from the
surface layer of casting membrane solution and final membrane structure is
influenced by period of time and condition of evaporation. When the polymer
solution contains volatile solvent, it is observed significant effect of evaporation
time on the asymmetric structure of membrane. However, when only non-volatile
solvent is used still asymmetric membrane structure is acquired. Therefore, this
claim cannot solely explain asymmetric membrane formation with non-volatile

solvent casting solution.

Reuvers 1987 suggested that the asymmetric structure of membrane is
mainly formed and fixed by ternary diffusion taking place after immersion into
coagulant. Liquid-liquid demixing process creates pores in the supporting sublayer
and also determined the structure of membrane’s top layer. Smolders and Reuvers
1992 shows that polymer concentration at the surface increases significantly after

immersion it into coagulation bath.
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Strathmann and Kock 1977; Koenhen et al, 1977 Broens et al. 1980
suggested that asymmetric polymer distribution is because of ternary diffusion
process taking place during immersion precipitation. Based on this idea, high
diffusion of solvent from upper surface of casting film and small amount of
penetration of nonsolvent through it leads to a sharp increase in the polymer

concentration of surface.

Because of solvent evaporation (Pesek and Koros, 1993) or solvent-
nonsolvent exchange (Reuvers 1987; Ren and Wang 2010), the surface polymer
concentration (interface of polymer solution and nonsolvent) will across the
vitrification boundary directly (path 1, Figure 2.3). Hence a dense nonporous
membrane surface will be formed. The solution under the skin layer is still in fluid
state and may pass the binodal line, in this case a porous membrane morphology
under the skin layer will be develops. The nascent skin layer behaves as a barrier
prohibiting solvent-nonsolvent counter-diffusion during wet phase inversion.
Therefore, formation of sublayer is strongly influenced by the top nascent skin
layer. The composite properties of top skin layer and subsequent sub-layer may
manipulate the formation of a third subsequent layer and the following layer is
influenced by the above layers. Because of the mass transfer resistance created by
the above layers, each layer follows a different demixing path and precipitation
kinetics. Hence different morphologies at each layer are formed (Young and Chen
1991; Machado et al., 1999; Ismail and Yean 2003). This type of asymmetric
membrane has intrinsic polymer properties (such as permeability, selectivity...) for

gas separation, reverse 0Smosis or pervaporation.

Sometimes, surface polymer solution moves along the binodal line, hence
polymer concentration at the membrane surface is always in equilibrium with the
solvent concentration of the coagulation bath at the interface. Although the surface
polymer concentration changes along the binodal line, surface polymer cannot
solidify since liquid-liquid phase separation does not take place. The sublayer
under the polymer surface goes thought liquid-liquid demixing phase separation

and the formation of sublayer effects the formation of skin layer. For this case,
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surface with discrete pore size distribution will be formed. This type of membrane

is generally used as ultrafiltration and microfiltration (Ren and Wang 2010).

In dry-wet phase inversion process inducing forced solvent evaporation,
membrane surface crosses the binodal curve follows the spinodal decomposition
part (path 2-2 in Figure 2.3). Forced convective evaporation results in locally
escalated polymer concentration. Outermost region of membrane will be formed
instantaneously via dry-phase separation spinodal decomposition (Ismail and Yean
2003). According to Pinnau and Koros 1993; spinodal decomposition at the
beginning of the evaporation step induces small scale phase separation; polymer
poor and polymer rich phase. The capillary pressure force in the interstitial polymer
poor phase in contact with air impels polymer rich phase and amalgamate them to
form nonporous layer. This type of membrane has nascent homogeneous skin layer
via highly plasticized nodule network due to the relatively long gelation time (Ren
and Wang 2010).

2.1.2 Formation of Pores based on Ternary System Thermodynamics

Based on the location of the liquid-liquid separation point (S1 on Figure

2.3), three different decomposition mechanism take place (Ren and Wang 2010).

When the solution follows path 2-1 on Figure 2.3 and liquid-liquid demixing
begins somewhere above the critical point between binodal line and spinodal line,
polymer poor phase nucleates and grows in the polymer rich phase. Nucleating and

growing phase forms pores, remaining forms polymer matrix (Ismail Yean 2003).

When the solution follows path 2-3 on Figure 2.3 and liquid-liquid demixing
begins somewhere below the critical point between binodal and spinodal curves,
polymer rich phase nucleates and grows in the polymer poor phase. In this type of
decomposition, low integrity powdery polymer agglomerates form, which are not

practical for membrane applications (Ismail Yean 2003).

For the path 2-2, spinodal decomposition will be dominant. The solution
crosses directly into unstable region. In this type of phase separation, a bicontinuous

interconnected polymer poor and polymer rich phase will be obtained without
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nucleation and growth mechanism. This bicontinous network provides open pores

membrane support without selectivity.

2.2 Selection of Solvent and Non-Solvent Pair

Affinity and interaction between solvent-nonsolvent-polymer influences in
both thermodynamic characteristics of ternary polymer solution and precipitation
kinetics changing the phase inversion. The difference between Hansen solubility
parameters of two components, Adx-y IS an indication of their affinity in terms of
thermodynamics similarities. Hansen solubility parameter (Eqn. 2.1) is composed
of three partial solubility parameters namely; dispersion forces, polar forces,
hydrogen bonding (Soroko et al., 2011). The Hansen solubility parameters of PES,
various solvents and non-solvents are shown in Table 2.1. The differences between
Hansen solubility parameter of PES-Solvent, PES-Nonsolvent, Solvent-Nonsolvent

pairs (Table 2.2) were calculated by Eqgn. 2.2.
0= ((6d) 2+ (dn) % + (0p) 2 °° Eqgn. 2.1 (Cheng et al. 1996)

Adxy= ((0dx— ddy) 2+ (Ohx — Ohy) 2 + (Fpx— Fpy) %) O° Eqgn. 2.2 (Cheng et al.
1996)
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Table 2.1 Hansen solubility parameters of polymer, solvent and non-solvent. If
not specified, data were taken from Guillen et al.,2011.

Chemicals 3d(MPa%®) | 8n(MPa®%) | 8p(MPa’?®) | §(MPa’d)
Polymer
PES (Nasir et al. 2014) 19.6 10.8 9.2 24.2
PES (Xu and Qusay 2004) | 17.6 10.4 7.8 21.9
PES (average) 18.6 10.6 8.5 23.1
Solvent
NMP 18.0 12.3 7.2 22.96
DMF 17.4 13.7 11.3 24.86
Non-Solvent
IPA 15.8 6.1 16.4 23.6
MeOH 15.1 12.2 22.2 29.5
EtOH 15.8 8.8 19.4 26.5
Water 15.5 16 42.3 47.8

Table 2.2 Hansen solubility parameter difference between polymer-solvent,
polymer-nonsolvent, nonsolvent-solvent pairs

_ Solvent Non-Solvent
Chemicals
NMP DMF IPA MeOH EtOH Water
Polymer AﬁPES—SoIvent(M Pa°-5) AﬁPES—NonSoIvent(M Pa°-5)
PES 2.2 4.3 9.5 14.2 11.4 34.4
Solvent Adsolvent-Nonsolvent(IMPa’®)
NMP - - 11.3 15.3 12.9 35.4
DMF - - 9.3 11.2 9.6 31.1

Chemicals with similar Hansen solubility parameters will be miscible, and

polymers will dissolve in liquids with Hansen solubility parameters are close to the

polymer. Small difference between Hansen solubility parameters indicates high

affinity and high miscibility, whereas large difference between them shows less

affinity between these chemicals (Hansen, 2007).
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Table 2.2 shows the solubility parameter difference between polymer and
two widely used strong solvent NMP and DMF. Adpes-nmp and Adpes-bvmre Were
calculated as 2.2 (MPa)®®and 4.3 (MPa)®®, respectively. When Adpolymer-solvent iS
less than 8, solvent can dissolve polymer. Therefore, both of them are strong
solvents for PES. NMP is stronger solvent than DMF for PES since Adpes-nwp 1S
smaller than Adres-omr. Solvent polymer affinity is highly favoured. Poor solvent
induces high degree of polymer aggregation and less stable polymer-solution
(Soroko et al., 2011). It is also reported that high affinity between solvent-polymer
contributes to the smaller demixing gap especially lower affinity between solvent
and nonsolvent (Mazinani et al., 2017).

Adpolymer-nonsolvent  TOr several nonsolvent and PES were also tabulated in
Table 2.2. Adpes-ipa, Adpes-EtoH, AOPES-MeoH, AOPES-water Were calculated as 9.5, 11.4,
14.2 and 34.4 (MPa)°*, respectively. The largest solubility parameter difference is
obtained for PES-water pair whereas the smallest one is obtained for PES-IPA pair.
This means that the affinity between water and PES is very low in comparison to
that between IPA and PES. Hence water is strongest non-solvent and IPA is the

weakest non-solvent among the chemicals listed in Table 2.2.

Polymer nonsolvent interaction strongly influences the location and size of
the demixing gap. Higher affinity between polymer-nonsolvent is characterized by
binodal line lying close to the polymer/non-solvent axis. The nonsolvent which
draws binodal curve closest to the polymer-solvent axis is accepted as the strongest
coagulant. Since small amount of it is sufficient to precipitation. The coagulation
strength which is inversely proportional to the affinity of polymer-nonsolvent
characterizes the instanteneous demixing (Mazinani et al., 2017). There are several
studies (Peng et al.,2012; Xu and Xu, 2002; Sukitpaneenit and Chung, 2009) insist
that using a strong non-solvent such as water leads to instantaneous demixing which
means fast precipitation. However, weak non-solvents such as alcohols leads to
delay in liquid-liquid demixing process. This phenomenon is associated with the
size of the miscibility region which decreases with increase of Adpolymer-nonsolvent.
Instanteneous liquid-liquid demixing (fast precipitation) is enhanced by decreasing

the size of miscibility gap (Mazinani et al., 2017; Soroko et al., 2011). Strathmann
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et al, 1975, Soroko et al., 2011; Guillen et al., 2011; Peng et al.,2012 stated that
high precipitation rate enhanced large finger like pores with thin dense skin layer
whereas low precipitation rates induced sponge like porous structure with thick skin

layer.

Adsolvent-nonsolvent Pairs are also tabulated in Table 2.2. The difference in
solubility parameters between DMF-nonsolvent pairs is of the order (DMF-Water)
> (DMF-MeOH) > (DMF-EtOH) > (DMF-IPA). The order of NMP-nonsolvent
system is the same (NMP-Water) > (NMP-MeOH) > (NMP-EtOH) > (NMP-IPA).
The difference in solubility parameter between NMP-nonsolvent and DMF-
nonsolvent is in the following order (NMP-Water)>(DMF-Water); (NMP-
MeOH)>(DMF-MeOH); (NMP-EtOH)>(DMF-EtOH); (NMP-IPA)>(DMF-IPA).
Hence it can be concluded that miscibility between DMF and listed nonsolvents is

higher than that of NMP and listed nonsolvents.

Adsolvent-nonsolvent €ffects both solvent- nonsolvent exchange rate and location
of miscibility gap. Driving force for diffusion will be detracted because of lower
solvent and nonsolvent affinity (higher Adsolvent-nonsolvent ) (Soroko et al., 2011). Skin
layer formation is affected strongly from the diffusion rate ratio (k=Ds/Dns) of
solvent to nonsolvent. High k induces dense and tighter skin layer formation,
whereas low k values leads to porous top layer (Young and Chen, 1995; Peng et al.
2012).

There is a contradiction between findings about influence of solvent-
nonsolvent affinity in literature. Several studies (Guillen et al., 2011; Mazinani et
al., 2017; Young and Chen, 1995; Reuvers 1987; von’t Hof et al., 1992) declare
that the ternary polymer-solvent-nonsolvent system with higher miscibility (means
low Adsonvent-nonsolvent) between solvent and nonsolvent has a more tendency of
instantaneous demixing (faster precipitation), hence finger like porous membrane
structure will be formed. These researchers consider that if miscibility is high, the
coagulant can easily penetrate into the casting solution and produce macro voids.
They suggest that low miscibility or poor interaction leads to delay in liquid-liquid

demixing which associated with sponge like pores and denser structure. On the
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other hand; Chun et al., 2000 claims that smaller Adsolvent-nonsolvent reinforce delayed
demixing. In this study, difference between solvent-nonsolvent solubility parameter
was decreased by adding solvent into nonsolvent coagulation medium. Hence the
strong interaction between solvent-nonsolvent pair in the coagulation medium
prevents penetration of non-solvent in the polymer solution. In other studies, Xu
and Xu, 2002; Xu and Qusay, 2004; higher difference between solubility parameter
of solvent and nonsolvent leads to sharp and sudden decrease of solubility of solvent
to polymer associated with instantaneous demixing. These contradictions may
come from complex nature of non-solvent induced phase separation and the fact
that phase inversion process depends on several parameters other than

thermodynamic affinity of solvent-nonsolvent.

Since the claims of different authors conflict with each other and also their
own findings, | decided to investigate their findings instead of their claims and |
tried to find a correlation between phase inversion characteristic and solvent-
nonsolvent miscibility. For example, Mazinani et al., 2017 studied about
morphological properties Extem-DMSO-water and Extem-NMP-Water systems.
Extem-DMSO-water system produced dense skin layer with spongy pores on the
support layer; whereas EXTEM-NMP-water system produced thinner dense skin
layer with finger like big pores on the support layer. | calculated Adpmso-water as
32.23 and Adnmp-water @S 35.38, hence affinity between DMSO-water system is
higher than that of NMP-water system. Contrary to the authors claim, high affinity
solvent-nonsolvent pairs produced spongy pores with thicker selective layer.
Another contradiction in this research is the position of binodal curve. Generally,
higher miscible solvent-nonsolvent system provides a binodal curve closer to the
polymer-nonsolvent axes. In this research, the binodal curve of Extem-DMSO-
water system closer to the polymer-solvent axes, whereas Extem-NMP-water
system closer to the polymer-nonsolvent axes. General belief, binodal curve closer
to the polymer-solvent axes is more tend to instantaneous demixing and forming
finger like pores, because small amount of nonsolvent can disturb the equilibrium
of such a system. Findings of Mazinani et al 2017 is also contradict this information.

Authors still are in favors of high miciblity of solvent-nonsolvent pairs. When the
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interaction between solvent and polymer investigated, it is obvious that NMP is
stronger solvent than DMSO. Probably, for this system, the affinity between
solvent-polymer pair may be more dominant in thermodynamics of the system and
formation mechanism. According to the Mazinani et al.,2017, ternary phase
diagram and position of bionodal curve is not sufficient to explain the formation
mechanism. Affinity and miscibility of solvent-nonsolvent-polymer systems,
diffusivity ratio of solvent nonsolvent pairs, interfacial polymer concentration,
precipitation rate should be also considered for complete definition of membrane

formation mechanism.

In another research carried by Cheng et al., 1996; PMMA membranes were
prepared in asymmetric membrane structure by using different solvent-nonsolvent
pairs and formation mechanism was discussed. Although authors mainly focused
on polymer-nonsolvent solubility parameter difference and discussed miscibility of
solvent —nonsolvent pairs in terms of diffusivity instead of Hansen solubility
parameter difference; their finding were very informative about the effect of
solvent-nonsolvent pair affinity. Authors used PMMA-acetone-water and PMMA-
acetone-nhexane as polymer-solvent-nonsolvent system. | calculated Hansen
solubility parameter difference of acetone-water and acetone-nhexane solvent-
nonsolvent pairs and tried to comprehend the effect of Hansen solubility parameter
difference. Adsolvent-nonsolvent OF acetone-water and acetone-nhexane were calculated
as 35.84 and 12.5 (MPa)®® , respectively. Hence it is concluded that miscibility of
acetone-nhexane system is higher than that of acetone-water system. Authors
reported that PMMA-acetone-water system leads to membrane with small spongy
pores on support layer with dense skin layer, whereas PMMA-acetone-nhexane
system leads to membrane with larger spongy pores with thicker dense skin layer.
This is expected because several authors reported that higher miscibility leads larger
pores on support layer. In the same reseach, binodal curve of PMMA-acetone-
water and PMMA-NMP-water system were almost overlapped and very close to
the solvent-polymer axis. On the other hand, binodal curve of PMMA-acetone-
nhaxene system which has the smaller Hansen solubility parameter difference was

closer to polymer-nonsolvent axis. Similar trend was also observed by
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Sukitpaneenit and Chung, 2009. As indicated previously, it is accepted that the
binodal curve closer to the polymer-solvent axes is and indicate of easy
instantaneous demixing results is finger like structure. However, morphological
features of PMMA-acetone-water system produced small spongy pores on the
support layer. The explanation of authors was that the thermodynamics diagram is
not sufficient to characterize the membrane formation. The Hansen solubility
parameter differences between NMP-water and acetone-water are calculated 35.4
and 35.84, respectively. These two values are very close to each other. Highly
probably the interaction between solvent and nonsolvent is a key parameter which
determine the position of binodal curve on the ternary phase diagram for this
polymer-solvent-nonsolvent systems. However, on the contrary of PMMA-
acetone-water system; PMMA-NMP-water configuration formed finger like pores
on the support layer with very thin dense skin layer. This study included also the
time for precipitation by light transmission method. The required precipitation time
for PMMA-NMP-water system is 18 sec., while this time took 30 sec. for PMMA-
acetone-water system. From this information, it is concluded that liquid-liquid
demixing time or precipiration rate is more dominant than nonsolvent-solvent

miscibility in formation of morphology for this system.

Sukitpaneenit and Chung et al. 2009; investigated the effect of coagulant
(different nonsolvent and combination of them) on the morphology, crystallinity
and pore formation of PVVDF hollow fiber membrane. According to their research,
binodal curve of PVDF/NMP/nonsolvent (water, MeOH, EtOH, IPA) system shift
to solvent-polymer axis by increasing the difference of Hansen-solubility parameter
between solvent and nonsolvent pair. Closer the binodal curve to the polymer-
solvent axes is the stronger nonsolvent and small amount of strong nonsolvent is
sufficient to disturb the thermodynamics equilibrium of the ternary system. Less
stable system is more tend to instantaneous demixing. They explained the
thermodynamic properties of the system according to the differences between
polymer and nonsolvent. They insisted the importance of kinetic aspect of phase
inversion. Their results concluded that higher diffusion of nonsolvent — solvent

pairs cause faster precipitation.
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In the light of this knowledge, the solvent and nonsolvent pairs were
selected. DMF was selected as solvent. Although NMP is stronger solvent for PES,
since DMF is more miscible with nonsolvents and the misciablity between solvent-
nonsolvent pairs is recommended by several researchers. Moreover, boiling point
of DMF is lower than NMP, hence removing solvent from membrane is anticipated
to be easier. Both IPA and water were selected as nonsolvents. These two are the
two ends of the nonsolvent scale, weakest and strongest nonsolvents. As explained
previously, PES is very good candidate for such a research about membrane
formation mechanism. Since this polymer is commercially available and cheap.
Moreover, PES is widely studied in literature and its several intrinsic properties
such as permeability, selectivity, Florry Huggies interaction parameters with
several solvent and non-solvent pairs, Hansen solubility parameters... are available.
Using such as widely studied polymer provides an opportunity to check the
findings. The effects of the coagulation bath composition on morphology and
separation properties of PES membranes were investigated and discussed in the

following sections.

2.3 Materials and Experimental Method
2.3.1 Materials

Polyether sulfone Radel A-100 grade was supplied by Solvay Advanced
Polymer, USA. The number average molecular weight is 53 000 g/mol and glass
transition temperature (Tg) is about 220 °C. At 35 °C and 3.5 atm pressure
difference, the reported permeability coefficients of PES for Hz, CO., and CH4 are
8.96, 3.38 and 0.112 Barrers, respectively (Li and Chung, 2008). The repeating unit

O
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Figure 2.5 Repeating unit of polyethersulfone (Solvey Advanced Polymer, Radel).

of PES is given in Figure 2.5.
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The solvent used is N,N-Dimethylformamide (DMF), which is a polar
aprotic solvent, has strong dissolving power for many polymers. DMF with high
purity (>99%) was provided by Sigma-Aldrich. It has the linear chemical formula
of HCON(CHz3)2, normal boiling point of 153 °C, and density of 0.944 g/cm?® at 20
°C. Isopropyl alcohol (GC>%99.5) with linear chemical formula (CH3).CHOH,
normal boiling point of 82.6 °C and density of 0.786 g/cm?® at 20 °C was supplied
from Sigma Aldrich and used as coagulant. DI water (H.O) was used as coagulant

additive to strengthen the non-solvent.

Zinc nitrate hexahydrate [Zn(NOzs)2:-6H20, 98% purity] with density of
2.065 g/cm?® was purchased from Acros. 2- methylimidazole [CsHsN2, 99% purity]
with density of 1,09 g/cm? at 20 °C, boiling point of 268 °C and melting point of
143 °C was provided by Sigma—Aldrich.

Test gases, Hz, CO2, and CH4 were purchased from Linde with purity %99.5.

2.3.2 Preparation of ZIF-8

Two solutions were prepared by dissolving 10.6 g. 2- methylimidazole in
180.8 g. MEOH and 4.8 g. zinc nitrate hexahydrate in 180.8 g. MEOH. Two
solutions were mixed rapidly to obtain a mixture with a molar composition
Zn(NO3)2-6H20 | 7.99 C4HsN2 | 700.99 MeOH. This mixture was stirred at 300 rpm
for 1 h. at room temperature. ZIF-8 crystals were collected by centrifuging at 6000
rpm for 5 minutes. The average particle size of ZIF-8 crystals was determined as

65 nm by analyzing SEM micrographs via imageJ.

Reaction medium which was separated from the ZIF-8 crystals at 65 nm by
centrifuging is called mother ligior. For synthesis of ZIF-8 crystals with average
particle size of 25 nm, the mother liquir obtained from the synthesis of ZIF-8
crystals with 65-nm-size was aged for a day at room temperature. The pH of the
one-day aged mother liquir was adjusted by adding NaOH pellets. The new reaction
medium with composition by weight 1 gr NaOH | 290 g. Mother liquir was stirred
at 300 rpm for 1 hr. at room temperature. ZIF-8 crystals were collected by
centrifuging at 6000 rpm for 5 minutes. The average particle size of ZIF-8 crystals

was measured as 25 nm.
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For synthesis of ZIF-8 crystals with average particle size of 15 nm, mother
liquir obtained from the synthesis of ZIF-8 crystals with 25-nm-size was aged for a
day. The consumed amount of Zn*? was added into the second mother liquor (1g.
Zn+2 | 78.2 g. Mother Liquir). After 1 h. stirring at 300 rpm and at room
temperature, 15 nm ZIF-8 crystals were collected by centiruging at 600 rpm for

5min.

Three different methods were applied to purify ZIF-8 crystals and to activate
the pores. In type 1 treatment method, collected ZIF-8 crystals were washed with
MeOH twice and recollected by centiruging at 600 rpm for 25 minutes. In type 2
treatment method, after washing with MeOH, collected ZIF-8 crystals were dired
overnight at 80 °C. Dried ZIF-8 crystals were grinded, then annealed overnight at
180 °C. In type 3 treatment method, after washing with MeOH, collected ZIF-8
crystals were washed with DMF one more time and recollected by centiruging at

600 rpm for 40 minutes. The crystal structure of ZIF-8 is shown in Figure 2.6.
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Figure 2.6 Crystal structure of ZIF-8, Cyan, blue, and grey spheres represent Zn,
N, and C atoms, respectively. H atoms are omitted for clarity (Cacho-Bailo et al.,
2014).

2.3.3 Characterization of ZIF-8 Crystals
ZIF-8 crystals were characterized by Philips PW 1840 X-Ray diffractometer
to obtain X-ray diffraction(XRD) pattern of the crystals. The source of the X-ray

was Ni filtered Cu-Ka radiation lamb. The scan rate was 0.05 °/sec. The voltage

and current were 30 KV and 24 mA, respectively. The Brag angles were between 5
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to 40 °. The crystallinity of ZIF-8 crystals was determined according to the six
characteristic peak points obtained at 7.44, 10.48, 12.90, 14.87, 16.63 and 18.24
Bragg angles.

QUANTA 400F Field Emission series scanning electron microscopy (SEM)
with 1.2 nm resolution was used to determine morphology and particle size of the
ZIF-8 crystals. The synthesized ZIF-8 crystals were dispersed in MeOH. A few
droplets of the ZIF-8-MeOH homogeneous solution were spattered at carbon strap.
After evaporation of MeOH, crystals were coated Au-Pd and monitored at 30 kV

voltage.

BET instrument Micromeritics TriStar 1l 3020 was used to determine
specific surface area (m?/gr) of synthesized ZIF-8 crystals. Before test, ZIF-8
samples were evacuated at 135 °C for 24 hr. The amount of adsorbed nitrogen
volume at particle surface was measured at -196 °C (boiling point of N2) and used
to calculate surface area. The calculation is based on Brunauer-Emmett-Teller
(BET) theory. N2 adsorption-desorption isotherms were provides information about

size and volume distribution of pores.

Thermal stability of ZIF-8 crystals was characterized by thermogravimetric
analysis (TGA) instrument DTG-60H, Shimadzu. Samples was heated at 10 °C /min

rate up to 600 °C in air. Air flow rate is 50 ml/min.

2.3.4 Membrane Preparation

Asymmetric flat sheet neat PES membranes were prepared by non-solvent
induced wet phase seperation (NIPS) method. The membrane solution of 17.4 wt.%
concentration was prepared by dissolving 2 g. PES in 9.5 g. DMF. Before using,
PES was dried at 80°C overnight in order to remove humidity. The PES-DMF
solution was stirred by a magnetic stirrer at 300 rpm and at room temperature. The
essential amount of PES was added in three steps to avoid agglomeration and
sudden increase of viscosity. Between each steps, the solution was ultrasonicated

for 10 min in order to ease the dispersion. The clear solution was cast on a clean
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glass plate at 500 um in thickness using automatic film casting machine. After
casting, glass plate was immediately immersed in to 1sopropyl alcohol (IPA)
coagulation bath. The volume of coagulation bath was 500 ml. Flat sheet membrane
was washed in water bath to remove the residual solvent and non-solvent overnight.
Then the membrane was dried at 120°C overnight and annealed at 180°C for two

days in vacuum oven.

The effect of the water content of the coagulation medium on the membrane
performance was investigated making membranes in coagulation baths with 2-5-7-
10-25 vol.% water in IPA. The influence of solvent in the coagulation medium was
also investigated by adding 25 and 30 vol.% DMF in IPA coagulation medium. The

volume of coagulation medium was always 500 ml.

The first step in preparation of mixed matrix PES/ZIF-8 membranes was the
dispersion of ZIF-8 in DMF. For this purpose, ZIF-8/DMF mixture was stirred at
300 rpm by a magnetic stirring at room temperature. The percentage of ZIF-8
loading weight was determined based on the weight of polymer utilized as

expressed in Eqn. 2.3.
(Wt.% ZIF-8 loading in membrane) = (n wt.%) x (Polymer wt.) Eqgn. 2.3
n: 0, 5 wt. %, and 10 wt. % of PES in this study.

The necessary amount of ZIF-8 was added at three or four step based on the
amount. The purpose is to prevent agglomeration and provide perfect dispersion.
The solution was ultrasonicated for 30 min between each step. After dispersion of
necessary amount of ZIF-8 in the DMF solvent, 15 wt. % of total PES was firstly
added into ZIF-8/DMF mixture. The remaining amount of PES was added in two
steps; 35 wt.% of total PES, and 50 wt.% of total PES, respectively. Before each
addition, membrane solution was ultrasonicated for 30 minutes. The casting and
annealing methodologies of mixed matrix PES/ZIF-8 membranes were the same as
those of neat PES membranes.

41



2.3.5 Membrane Characterization

Morphology of membrane was investigated by SEM micrograph. QUANTA
400F Field Emission series scanning electron microscopy (SEM) with 1.2 nm
resolution was used to obtain SEM micrographs with magnifications between
1000x and 100 000x. For cross-sectional image, a piece of membrane was fractured
in liquid N2 and the films were mounted vertically over circular aluminum sample
holder with carbon tape. Before SEM analyze, the samples were coated with Au/Pd

for electrical conduction and monitored at 30 kV voltage.

Single gas permeation test was performed in the set-up depicted in Figure
2.7. This system was composed of a feed part, a permeate part and a module.
Membrane module was a stainless steel Millipore filter holder (part no. XX45047
00) that holds the flat membrane with two Viton O-Rings. Before each test, whole
system was kept under vacuum for 3-3.5 hours. The vacuum was supplied by a
mechanical vacuum pump (Edwards). Permeate was initially 13 torr. Then, the tank
was filled with the test gas. The pressure was 2 atm. Gauge pressure. The pressure
difference between feed and permeate is the driving force for gas permeation. The
experiment was performed by constant volume and variable pressure method. Due
to driving force, the pressure of the permeate side increased with time. The rate of
pressure rise was used to calculate permeability coefficient. Permeability
coefficient (Eqn. 2.4) of pure gas (Pa) through a polymeric film membrane is
defined as the trans-membrane pressure difference (Ap), and thickness (L)
normalized steady-state gas flux, Ga (Eqn. 2.5). Generally, permeability coefficient

is expressed in unit of Barrer which is equal to 101 STP cm® cm/ (cmHg s. cm?).

_GaxL STP cm3 cm
Pa= Ap /5. cmHg cm? Ean. 2.4
dP
(%)xzmoo
where G, = STPcm® Eqn. 2.5
A Amembrane S. sz T
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The membrane thickness (L) is the total cross-sectional thickness of dense
membrane. The membrane thickness is the thin dense skin layer of asymmetric
membrane. Since measuring the thickness of thin skin layer selective of membrane
is difficult and is required another characterization method (SEM), the membrane
performance is defined by permeance instead of permeability coefficient.
Permeance is measure of how much gas is flowing across the membrane per unit
pressure difference. Permeance is equal to permeability coefficient divided by the
thickness of the thin dense selective layer (Eqgn. 2.6). This value is expressed in gas
permeance unit GPU which is equal to 10°STP cm®/ (cmHg s. cm?).

F, =248 STPcm3/

L Ap s. cmHg cm? Eqn. 2.6

The ideal selectivity which is the ability of membrane to separate two gases
is obtained by dividing the permeability coefficients (or permeance) of the gases
(Eqn.2.7). Permeability coefficient and selectivity are two fundamental parameters

characterizing membrane performance.
Pa

The dead-volume of the permeate side is used in further calculations. To
measure it, a standard volume with a known volume 119 ml was filled with nitrogen
with a specific pressure. Then the standard volume was connected to dead-volume.
The pressure drop of the standard volume is used to calculate the capacity of dead-
volume. The calculation was carried out based on Boyle’s Law (P1xV1 = P2xV2).
The dead-end volume of permeate side was measured as 11.3 cm®. The test was
performed at 35 °C constant temperature. The set-up was heated by using heating
type wrapped the system and equipped with a J-type thermocouple and a PID

controller to keep the temperature constant.
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Figure 2.7 The schematic drawing of single gas permeation test system.

2.4 Characterization of ZIF-8 Crystals

In this study ZIF-8 crystals were used as fillers in the mixed matrix
membranes. ZIF-8 synthesis procedure developed by Keser 2012 was followed.
Details of the synthesis procedure and method to characterize ZIF-8s were given in
part 2.3 Experimental Method. In this section, characterization results of ZIF-8

crystals were provided.

Figure 2.8 shows the SEM micrographs of ZIF-8s crystals produced with
different MeOH/ZnNO3.H2O ratios. Average particle size of the ZIF-8 crystals
were measured by J-image analyzer using SEM images. To determine average
particle size at least 45 particles were counted for each sample. The calculated
average particle size changed according to MeOH/ZnNO3.H,O ratio was provided
in Table 2.3.

The ZIF-8 crystals with an average particle size of 65 nm has uniform and
hexagonal shape (Figure 2.8(c)) By decreasing the average particle size, the
structure of ZIF-8 changed from hexagonal-like to sphere-like. Moreover,
aggregation becomes significant by decreasing average particle size (Keser 2012,
Ayas 2014).
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Table 2.3 Average particle size and standard deviation of ZIF-8 prepared with
different MeOH/ ZnNO3.H20 molar ratio based on SEM image and J-image
analyzer.

ZIF-8 MeOH/ ZnNO3.H20 | Average particle size based on SEM
Code molar ratio micrographs

and J-image Analyzer (nm)

ZIF-8 1 1051 14.86+ 3.97
ZIF-8_2 1130 27.03+ 4.61
ZIF-8_3 695 64.10+ 10.21

Figure 2.8 SEM mikrographs of synthesized ZIF-8s; (a) ZIF-8_1; (b) ZIF-8_2; (c)
ZIF-8_3
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While ZIF-8 synthesis continued, preparation and testing of mixed matrix
membranes continued. It was decided to continue with ZIF-8 3 (average particle
size 65 nm) because it was determined that the best gas test result was obtained
from mixed matrix membrane containing 65 nm ZIF-8_3. Moreover, ZIF-8_1 and
ZIF-8_2 are more prone to clustering as observed by Ayas 2014 and by SEM images
(Figure. 2.8). Hence, the following characterization were carried out only for ZIF-

8 3 with average particle size 65 nm.

The sample ZIF-8 3 was further characterized by XRD for phase
identification and semi-quantitative crystallinity (Figure. 2.9). The position of
peaks and the diffraction pattern were conformed with the characteristic peak
positions and diffraction pattern of ZIF-8 studied by Park et al. 2006 and Keser
2012. Pattern with well comparing with reference indicated that the high purity
ZIF-8 crystals were obtained without any foreign crystalline phase. Sharp and
intense peaks pointed out the high crystallinity of synthesized ZIF-8. The
crystallinity of ZIF-8s was calculated by the intensity summation method using the
peaks of (011), (002), (112), (022), (013), (222), (114) and (134) planes, which
correspond to 7.44, 10.48, 12.90, 14.87, 16.63 and 18.24 Bragg angles. Jade
Software (version 2.1) was used to calculate the areas between baseline and peaks.
The area under these specific peaks were calculated as 5546 + 623 in this study.
This value was the average of five syntheses. The ZIF-8 crystals with average
particle size 65 nm of Ayas 2014 study was used a reference. The total peak area of
the reference ZIF-8 crystals was reported as 5855 (Ayas 2014) and it was assumed
100% crystallinity. In this study, semi-quantitative crystallinity of synthesized ZIF-
8 with 65 nm average particle size was calculated as % 95 + 10 based on the Eqn.
2.8.

Total peak area of synthesized ZIF—8 pattern X100

% cryst. = Eqgn. 2.8

Total peak area of reference ZIF—8 pattern

Thermal behavior of ZIF-8 crystals at dry air atmosphere was provided in
Figure 2.10. Up to 80 °C, a weight loss of almost 5% was detected. This small
weight loss was attributed to loss of residual MEOH (syntheses medium) (Keser

2012). A sharp and significant weight loss (approximately 60%) was detected
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between 400 and 445 °C. The 60% weight loss was ascribed to the decomposition
of organic framework (Keser et al. 2014, Park et al. 2006). Upon decomposition of
organic framework ZN is expected to oxidize into ZnO in air. The remaining
material was nearly 40% of the initial amount of ZIF-8 which is very close to
theoretical amount of residual solid ZnO (36.5%) (Zhang et al. 2012).
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Figure 2.9 XRD pattern of ZIF-8_3 crystals with 65-nm-size.
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Figure 2.10 TGA curves of ZIF-8_3 crystals with average particle size 65 nm.

Figure 2.11 shows the N2 adsorption-desorption curves at 77 °C for ZIF-
8 3. For the relative pressure less than 0.1 (P/Po < 0.1), a significant amount of N>
adsorption was observed. Further increase in relative pressure did not alter
adsorption amount up to relative pressure 0.95. Up to this point, adsorption and
desorption isotherm were nearly parallel to the relative pressure axis. Significant
and sharp adsorption at low relative pressure and then adsorption isotherm parallel
to pressure axes is a characteristic property of Type I adsorption-desorption
isotherm. The N2 adsorption shows Type I adsorption-desorption isotherm without
any hysteresis, isoheating. Type I isotherm indicates the microporous structure of
synthesized ZIF-8 (Keser 2012, Ayas 2014). Above the relative pressures greater
than 0.95 (P/P, > 0.95), capillary condensation takes place, which is due to presence
of macro-pores formed because of agglomeration. Similar trend was also observed
by other researchers and explained by textural porosity (Zang et al. 2013) and intra
aggregated voids (de Silva et al. 2015).

BET surface area was approximately 1320 m?/g and t-plot micropore area

was calculated by computer program 1230 m?/g. This result is in agreement with
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Keser 2012 and Ayas 2014 studies whose synthesis procedure was followed in this
study. BET surface area of ZIF-8 reported in literature was 744 m?/g (Venna et al.
2010), 962 m?/g (Cravillon et al. 2011), 1079 m?/g (Pan et al. 2011), between 1000
m?/g and 1700 m?/g depending on particle size (Keser 2012) and 1700 m?/g (Ayas
2014).
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Figure 2.11 N, adsorption/desorption isotherms of ZIF-8_3 crystals with 65 nm
average particle size

2.5 Morphology of pure PES Asymmetric Membranes (SEM Results)

The separation performance (van de Witte et al., 1996) and mechanical
strength of a membrane strongly are contingent upon morphology. Hence, in this
study, morphology of membrane was investigated deeply. In this section, the effect
of strong non-solvent (water) or solvent (DMF) content in IPA coagulation bath on

membrane morphology was studied.

The asymmetric PES membranes and PES-ZIF-8 asymmetric membranes
prepared via wet phase inversion method were listed in Table 2.4 and in Table 2.5,
respectively. Membrane codes and membrane preparation properties were available

in these tables.
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Table 2.4 Pure PES membranes and preparation properties. The total volume of
solvent was 10 ml. The coagulation bath was at room temperature and the total
volume of coagulation bath was 500 ml.

Membrane | Casting solution Coagulation Bath (500 ml.)

Code

PP-1 2 g PES + 10 ml DMF Pure IPA

PP-2 2 g PES + 10 ml DMF Pure IPA

PP-3 2 g PES + 10 ml DMF Pure IPA

PP-4 2 g PES + 10 ml DMF Pure IPA

PP-5 2 g PES + 10 ml DMF Pure IPA

PP-6 2 g PES + 10 ml DMF Pure IPA

PP-7 2 g PES + 10 ml DMF IPA/H20:98/2 vI.%

PP-9 2 g PES + 10 ml DMF Pure IPA

PP-10 2 g PES + 10 ml DMF IPA/H20:50/50 vI.%

PP-11 2 g PES + 10 ml DMF IPA/DMF:75/25 vl.%

PP-12 2 g PES + 10 ml DMF IPA/H20:75/25 v1.%

PP-13 2 g PES + 10 ml DMF IPA/DMF:75/25 vl.%

PP-14 2 g PES + 10 ml DMF IPA/DMF:75/25 vl.%

PP-15 2 g PES + 10 ml DMF IPA/H20:90/10 vl.%

PP-16 2 g PES + 10 ml DMF IPA/H20:95/5 vI.%

PP-17 2 g PES + 10 ml DMF IPA/H20:90/10 vI.%

PP-18 2 g PES + 10 ml DMF IPA/H20:90/10 vl.%

PP-19 2gPES +10 ml DMF IPA/H20:95/5 vI.%

PP-20 2gPES +10 ml DMF IPA/H20:95/5 vI.%

PP-21 2 g PES + 10 ml DMF IPA/H20:93/7 vl.%

PP-22 2 g PES + (10 ml) IPA/H,0:95/5 vI.%
DMF/IPA:90/10

PP-23 2 g PES + (10 ml) IPA/H20:95/5 VvI.%
DMF/IPA:90/10

PP-24 2 g PES + 10 ml DMF IPA/DMF:70/30 vI.%

PP-25 2 g PES + 10 ml DMF IPA/H20:95/5 vI.%
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Table 2.4 (Cont.) Pure PES membranes and preparation properties. The total
volume of solvent was 10 ml. The coagulation bath was at room temperature and
the total volume of coagulation bath was 500 ml.

Membrane Code Membrane solution Coagulation Bath
PP-26 2 g PES + 10 ml DMF IPA/H20:95/5 vI.%
PP-31 4 g PES + 10 ml DMF IPA/H20:90/10 v1.%
PP-32 4 g PES + 10 ml DMF IPA/H,0:90/10 vI.%
PP-33 3 gPES + 10 ml DMF IPA/H20:90/10 vl.%
PP-35 3gPES +10 ml DMF IPA/H20:90/10 vl.%
PP-36 2 g PES + 10 ml DMF IPA/H20:98/2 vl.%
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Figure 2.12 shows the SEM micrographs of pure PES membranes prepared
in coagulation bath made up of pure IPA, IPA/H20:98/2 (in %vl.), IPA/H20:95/5
(in %vl.), IPA/H20:93/7 (in %vl.), IPA/H20:90/10 (in %vl.) mixture. According to
qualitative analyze, the thickness of support layer and total membrane increased
while thin selective layer thickness decreased with increasing the water content of
the coagulation medium. For membranes prepared in coagulation bath including
water content equal or less than 10 percent, the selective skin layer was non-porous,
dense and had a thickness greater than 5 um. The support layer of these type of
membranes was made up of spongy pores and has symmetric pores structure. The

pore size was uniform with approximately a diameter of 4 pm.

Figure 2.13 shows the SEM micrographs of pure PES membranes prepared
in coagulation bath made up of IPA/H20:25/75 (in vl. %), and IPA/H>0:50/50 (in
vl. %) mixture. Since water content exceeded 20% percent, the morphology of
membranes changed significantly. Existence of water in high percent (>20%), led
to sharp decrease in selective skin layer thickness. For these type of membranes,
the selective skin layer was thinner than 500 nm. The support layer of these type of
membranes was in asymmetric shape and made up of both spongy pores and finger
like pores. Pore size was not uniform and altered depending on both pore type and
location on the layer. The size of the finger-like pores located just below the skin
layer were smaller than that of finger-like pores located 20 um farther from skin
layer. When the water content of coagulation medium is 25%, finger like pores
settle into just below the selective thin layer of membrane. By increasing water

content from 25% to 50%, both size and number of finger like pores increases.
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Figure 2.12 SEM micrograph of the neat PES membranes quenched in pure IPA
(PP-3), %2 water-%98 IPA (PP-7); %5 water-%95 IPA (PP-16); %7 water-%93
IPA (PP-21); %10 water-%90 IPA (PP-15) coagulation bath.
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Figure 2.13 SEM micrograph of the neat PES membrane quenched in %25 water-
%75 IPA (PP-12); %50 water-%50 IPA (PP-10) coagulation bath.

Table 2.6 was given the quantitative analyses of morphological properties
of membranes based on SEM images. The morphological properties of membranes
quenced in IPA/H20 bath were compared to that of membranes quenced in pure
IPA bath. The percent of decrease in the thickness of non-porous selective layer
was 33.19%, 36.57%, 55.56%, 79.19%, 98.91%, and 99.18%; while the percent of
increase in the thickness of porous support layer was 5.82%, 65.63%, 66.41%,
94.50%, 153.13%, 150.08% corresponding to the increase in the amount of H.0O
content in coagulation medium with 2%, 5%, 7%, 10%, 25% and 50% respectively.
As a general trend, size of the spongy like pores diminished while total thickness

of membrane increased with increase of water content in coagulation medium.
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I thought that total thikness of the membrane was determined by pores, because the
total volume of pores in the membrane s greater than that of dense skin layer. Hence,
my expectation was that as the pore sizes became smaller, the membrane had a
smaller volume and a lower total thickness. Actually, increase of support layer
thickness despite the diminish in pores size was out of our expectation. When the
SEM images was investigated carefully, it was observed that the number pores per
unit area increased with increase of water content in IPA. For example, the number
of pores per 1000 pm? was counted as 65 for membrane PP-3 quenced in pure IPA
coagulation bath. On the other hand, the number of spongy pores per 1000 pm? of
PP-12 was counted approximately 270. Probably, increase in both the thickness of
support layer and total membrane was not related to the size of the pores but related
to the number of pores which was tend to increase with addition of water. When
the water content reached to 25% percent in coagulation medium, small spongy
pores merged and formed finger like pores. When the water content reached to
50%, both the number and size of the finger like pores increased. However, the
uniformity in the size of the pores degenerated and standard deviation in pore size

increased.

Change in morphological properties of membranes based on coagulation

medium composition was explained according to the strength of coagulant. IPA is
weak nonsolvent of PES (Adpgs-ipa = 9.2; AOpeS-water = 34.4) while water is the

strongest one as explained in Chapter 2.2 deeply. Weak nonsolvents creates binodal
curve farther to solvent-polymer axes, whereas strongest nonsolvent produced
binodal curve closer to the polymer-solvent axes (Sukitpaneenit and Chung et al.
2009; Spruck et al., 2014). Hence small amount of strong nonsolvent is sufficient
to begin phase separation and system is more tend to instantaneous demixing. As
explained in detail Chapter 2.1, the instantaneous demixing formed thin selective
layer with large finger like pores and delayed demixing produced thicker dense
selective layer with sponge like pores (Reuvers 1987). In our PES-DMF-IPA
ternary system delayed demixing was dominant in phase separation because IPA is

weak nonsolvent and stability region of these ternary system (Region 1; Figure 2.2)
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is larger when compared PES-DMF-water system. Because of the delayed
demixing, dense and thicker selective layer was obtained. By addition of water in
the coagulation bath, the stability area (Region 1, See Figure 2.2) diminished and
binodal line became closer to the initial polymer solution. Hence, instantaneous
demixing became dominant gradually. When the water content reached %25,
instantaneous demixing formed thin selective layer with finger like porous support
layer. Effect of alcohol-water concentration in coagulation medium on formation
of membrane morphology was studied and similar trend was also observed by
several researches (Ali et al. 2007; Spruck et al., 2014, Deshmukh and Li, 1998;
Sukitpaneenit and Chung, 2009).
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Figure. 2.14 shows the SEM image of membrane (PP-13) quenched in
IPA/DMF:75/25 (in %vl.) and membrane (PP-24) quenched in IPA/DMF:70/30 (in
%vl.) coagulation medium. When the structural properties of PP-3 (quenched in
pure IPA bath) was compared to PP-13 and PP-24; at first glance, decrease in
selective skin layer thickness and increase in porous support layer thickness was
noticed clearly. Table 2.6 was provided the quantitative morphological analyze of
PP-13 and PP-24. The percent of decrease in the thickness of non-porous selective
layer was 50.47%, 69.32%; while the percent of increase in the thickness of porous
support layer was 14.06%, 35.88% corresponding to the increase in the amount of
DMF content in coagulation medium with 25% and 30%, respectively.

Addition of solvent in the coagulation medium shifts the binodal lines to the
polymer-nonsolvent axes which implies thermodynamically more stable ternary
system (Chun et al. 2000). Moreover, coagulation strength of solution diminished
and the ratio of counter-diffusion rate of solvent to nonsolvent decreased. These
causes delayed demixing (Groth et al. 2013; Chun et al. 2000). Results
contradictory of our observations was reported by Chun et al. 2000 that addition of
DMACc in water coagulation bath resulted in thicker skin layer with less porous
membrane structure for PI-DMAc-water ternary system. Mansoori et al. 2011
observed that addition of DMACc into water coagulant caused to change the pore
shape from finger like to sponge like, and formation of skin layer prevented due to
solvent in coagulant for DMAc-PSF-THF-EtOH membrane solution. Similarly,
suppression of skin layer formation in the presence of solvent in coagulant was also

reported by Wijmans et al. 1983.

In our study, delayed demixing in the formation of PP-13 and PP-24
membranes was also observed. Precipitation took one night for these type of
membranes. Despite the delayed demixing, the obtained skin layers were thinner
than expected. The contradiction in literature and our unexpected result come from
the complex nature of membrane formation. Probably, delayed demixing, position
of binodal curve or counter diffusion rate of solvent-coagulant system are not

sufficient to explain morphology of membrane. Moreover, the observation may
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alter based on polymer-solvent-nonsolvent system or composition of the ternary
system. In my opinion, for our PES-DMF-IPA system, the existence of DMF in IPA
coagulant enhanced delayed demixing. However, thinner selective layer obtained
despite the delayed demixing because DMF in the coagulant prevented the
formation of skin layer as observed by Mansoori et al. 2011 while IPA tried to
precipitate the polymer in the skin layer. These competitive precipitation
dissolution process resulted in thinner selective skin layer than expected.

Drastically decrease in membrane thickness and porosity were attributed to slower

demixing and the slower gelation as described by Buonemennna et al. 2004.

Figure 2.14 SEM micrograph of the PES membrane quenched in IPA/DMF:75/25
(in %vl.) coagulation medium, left hand side, PP-13; and PES membrane quenched
in IPA/DMF:70/30 (in %vl.) coagulation medium, right hand side, PP-24.

Figure 2.15 shows SEM micrographs of membranes prepared from polymer
solutions with 17.4 wt%, 24 wt% and 29.6 wt% PES-DMF mixture and quenched
in IPA/H20:90/10 (in %vl.) coagulation medium. An increase in the porous support
layer thickness and a growth in the size of the pores was observed. The guantitative
analysis of SEM images was provided in Table 2.7. The percent of increase in
support layer thickness was %11.96 and %23.89 while the percent of growth in size

of the pores was %57.80 and %60.48 corresponding to the increment in PES
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concentration from %17.4 to %24 and %29.6. Increment in support layer thickness

may be a reason of growth in the size of the spongy-pores on the support layer.

1
METU CENTRAL LAB

100 pm
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Figure 2.15 SEM micrograph of the PES membrane made up of 17.4 wt% PES-
DMF solution (PP-15); 24 wt% PES-DMF solution (PP-33) and 29.6 wt% PES-
DMF solution quenched in IPA/H20:90/10 (in %vl.)
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Table 2.7 Morphology of membranes prepared with different amount of PES
concentration in DMF concentration and quenched by IPA/H20:90/10 (in %vl.)
coagulation medium. Pore shape is spongy for this type of membranes.

Membrane PES Skin Support Layer Pore Size
Code Concentration Layer Thickness (um) (um)
(wt.%0) Thickness
(m)
PP-15 17.4% 5.73+0.63 170.54 +£3.70 3.72+1.13
PP-33 24% 570£2.17 | 190.94 +13.57 5.87+1.62
PP-34 29.6% 5.49 £ 0.96 211.28 £3.54 5.97 £ 1.65

Generally, high polymer concentration is preferred especially for gas
separation membranes since high polymer concentration hinders the voids in the
skin layer (Ismail and Lai 2003). Yu et al. 2014 showed that increase in PSF
concentration for PSF-DMF-water ternary system resulted in increment in skin
layer thickness and total membrane cross-section thickness and suppress the size of
the pores. This result is contradicting to our observations about decrease in skin
layer thickness and growth in pore size. Yu et al. 2014 claimed that when the
polymer concentration is below the critical point, diffusion of non-solvent leads to
rapid growth of polymer lean phase and hence macrovoids formation is enhanced.
When the polymer concentration exceeds the critical point, since the polymer lean
layer cannot locate below the critical point, macrovoids formation is prevented.
Ismail and Li 2003 induced that high polymer concentration provides thick and
dense skin layer with finely distributed pores on the support layer while low
polymer concentration forms thin selective layer with uniform large voids on
substructure. This is in good agreement with finding of Yu et al. 2014 and
contradicting to our results. Van de Witte et al. 1996 claimed that increase in
polymer concentration leads to increase in the thickness of top layer and size of the
pores while suppress the interconnectivity of the pores and the formation of
macrovoids. Assertions of Van de Witte et al. 1996 is not compatible with our
observation of decrease in top layer thickness, however supports our findings of

increase in size of the voids.

63



Increase in polymer concentration may lead delayed demixing as well as
instantaneous demixing depending on solvent and nonsolvent, interaction between
chemicals of the ternary system, and diffusion kinetics of solvent and nonsolvent.
The required amount of non-solvent for precipitation of polymer decreased with
increasing the concentration of polymer solution. Therefore, high polymer
concentration results in rapid coagulation and instantaneous demixing (Ismail and
Lai 2003). On the other hand, diffusional exchange rate between solvent and
nonsolvent was retarded because of high polymer concentration at the interface.
That slows down the precipitation promotes delayed demixing process. Hence
delayed demixing creates dense and thick selective layer with finny sponge like
pores (Ismail and Lai 2003; Julian and Wenten 2012; Smolders et al. 1992).
Smolders et al. 1992 claimed that growth in the thickness due to extension of delay

time.

In my opinion, increment of polymer concentration in our PES-DMF-
(IPA/Water) system promotes instantaneous demixing. Hence thinner skin layer
with larger spongy pores on support layer was obtained. One of the reasons is faster
precipitation due to reduction in required amount of non-solvent at high polymer

concentation.

Figure 2.16 shows SEM micrographs of membrane PP-22 prepared from
polymer solutions with 17.6 wt% PES, 75.4 wt% DMF and 7 wt% IPA mixture and
quenched in IPA/H20:95/5 (in %vl.) coagulation medium. At first glance, it was
observed a skin layer thinner than that of membrane(PP-16) prepared PES-DMF
casting solution quenched in IPA/H20:95/5 (in %vl.) coagulation medium. There
are several studies showed that promotion of instantaneous demixing due to
existence of non-solvent in casting solution causes thinner skin layers (Yeow et al.
2003; Mansourizadeh and Ismail 2011). In Figure 2.16 which is of a higher
magnification, it was noted that skin layer composed of two-layer; namely very
squashy non-dense layer, and just below it a thick dense layer. The squashy non-
dense layer has defects; small voids on it. Partly, macro-voids formed at interface

between dense thick layer and squashy layer. As far as our best knowledge from the
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literature, such a layer-by-layer skin is not reported previously. According to my
point of view, the casting polymer layer was not uniform and phase inversion began
before wet quenching. During the time period between casting and wet phase
inversion, liquid-liquid decomposition formed instantaneously at the surface region
of the casting polymer solution. The possible reason is that outermost surface might
be very close to pass two phase region due to combinational effect of high polymer
concentration (due to surface tension), existence of IPA and evaporation of IPA.
Since this time was very short in our case, casting polymer system entered a new
thermodynamics state via wet phase inversion. This new thermodynamic state
formed dense layer below pre-existent squashy non-dense layer. According to
quantitative analysis of SEM images via J-image analyzer, the thickness of squashy
non-dense layer, dense skin layer, porous support layer and size of the pores was
determined as 1.79+0.45, 6.54+0.35, 134.53+0.82, and 2.93+0.81 um respectively.
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Figure 2.16 SEM micrograph of the PES membrane (PP-22) made up of PES
(17.6%)-DMF(75.4%)-1PA(7.0%) (in wt.%) solution quenched in IPA/H20:95/5
(in %vl.). (a) Total cross-sectional view, (b) upper layer of membrane, (c) upper
layer view at higher magnification, (d) surface of the membrane.

2.6 Morphology of Mixed Matrix PES-ZIF-8 Membranes

ZIF-8 crystals were treated. The purpose is to activate the pores of ZIF-8
before used as filler in mixed matrix PES membrane. Three different treatment
methods were used. The details were provided in Chapter 2.3.2 in Experimental
Method. Briefly, in type 1 treatment ZIF-8 was purified by washing with MeOH,

in treatment 2 ZIF-8 was annealed at 180 °C and in treatment 3 ZIF-8 was purified
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by washing DMF. Figure 2.17 presents the SEM micrographs of PES/ZIF-8 mixed

matrix membranes; each membrane contained ZIF-8 (with 25 nm average particle

size) treated by these three different methods. The amount of ZIF-8 was %5 of total
PES. Since the separation performance of membrane is determined by skin layer,
uniform distribution of filler throughout dense skin layer is crucial. At a closer look
on skin layer, it was observed that Type 1 Treatment provided uniform distribution
while Type 2 and Type 3 treatments lead to agglomeration of them. Agglomeration
of fillers is associated with loss of membrane selectivity (Basu et al. 2011), hence

Type 1 Treatment was preferred for mixed matrix membrane production.
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Treatment Type 1

Treatment Type 2

Figure 2.17 Cross-sectional SEM image of the PES/ZIF-8 (25 nm, %5 of PES)
mixed matrix membranes quenched in pure IPA coagulation medium. Treatment
method of ZIF-8 crystals was Type 1 (MMM-3); Type 2 (MMM-2); Type 3
(MMM-4).
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Figure 2.18 presented the SEM images of PES/ZIF-8 (%5 of total PES)
mixed matrix membranes with average particle size of 15 nm (MMM-5), 25 nm
(MMM-3) and 65 nm (MMM-7). Since they were quenched in pure IPA
coagulation medium, all have thick and distinct skin layer with spongy porous
support layer. When MMMs were compared to neat PES membranes, it was noticed
that addition of filler caused to decrease the support layer thickness and surprisingly
increase the size of the spongy pores. When the mixed matrix membranes were
compared among themselves, the enlargement in pore size of membrane MMM-5
including 15 nm ZIF-8 filler was more obvious than that of membranes including
25 nm (MMM-3) and 65 nm (MMM-7) ZIF-8. When the skin layer of MMM-5 and
MMM-3 membranes were inspected at 50 000 magnifications, it was noted that the
size of the filler added at 15 nm seems bigger than that of the filler added at 25 nm.
As depicted in Figure 2.8, the ZIF-8 crystals were synthesized at three different
size; 15 nm, 25 nm and 65 nm. However, after loading into membrane, the size of
the particle enlarged. This is imputed clustering of particles of 15 nm in size.
Actually, the tendency of agglomeration of particles at nano-size is the most

important problem.

The SEM images of PES/ZIF-8 (%10 of total PES) mixed matrix
membranes with average particle size of ZIF-8 15 nm (MMM-28), 25 nm (MMM-
9) and 65 nm (MMM-10) were exhibited in Figure 2.19. The thick dense selective
layer on support layer with spongy pores was the common trait. According to
qualitative investigation of SEM images, the support layer thickness of membrane
including 65 nm ZIF-8 at %10 percent of PES (MMM-10) decreased significantly.
Increasing the amount of ZIF-8 from 5% to 10% for membranes MMM-28
(including 15 nm ZIF-8) and MMM-9 (including 25 nm ZIF-8) caused to increase
in pore size and to alter in structure of the pores from spherical shape to elliptical
shape. When the skin layer of MMM-28 was investigated at 50 000 magnifications,
it was observed dense clustering so the boundaries of the ZIF-8 particles cannot be
distinguished. On the other hand, perfect and homogeneous distribution of ZIF-8
crystals with 65 nm average particle size (MMM-10) was obtained despite the

increase the loading amount.
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Figure 2.18 Cross-sectional SEM image of the PES/ZIF-8 (%5 of PES) mixed
matrix membranes quenched in pure IPA coagulation medium. Average particle
size of ZIF-8 was 15 nm (MMM-5); 25 nm (MMM-9) and 65 nm (MMM-10).
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Figure 2.19 Cross-sectional SEM image of the PES/ZIF-8 (%10 of PES) mixed
matrix membranes quenched in pure IPA coagulation medium. Average particle
size of ZIF-8 was 15 nm (MMM-5); 25 nm (MMM-9) and 65 nm (MMM-10).
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The morphological properties of PES/ZIF-8 mixed matrix membranes were
listed and compared to neat PES membrane in Table 2.8. Both porous support layer,
selective layer and pore size are affected from existence of ZIF-8 crystals which
implies the influence of ZIF-8 crystals on the formation of membrane during non-
solvent induced phase inversion. The change in morphology was strongly
dependent on the amount of ZIF-8, the average particle size of ZIF-8, and the
treatment methods of ZIF-8. As a general trend, existence of ZIF-8 made thinner

skin and thinner support layer with larger pores with respect to neat PES membrane.

The percent of decrease in the selective layer thickness and support layer
thickness depended on the pre-treatments of ZIF-8 crystals because the treatments
methods effected the dispersion of crystals. The interactions and adhesion between
homogenously dispersed ZIF-8 crystals and polymer chains were stronger than
those between non-homogeneous and aggregated ZIF-8 crystals and polymer chains
because the homogeneously dispersed ZIF-8 particles have a larger surface area
than the clustered ZIF-8 particles, and this larger surface area allows more
interaction with the polymer chains. Hence stronger interaction and adhesion
created thinner polymer layer. When the membranes MMM-3 (Treat. Type-1),
MMM-2 (Treat. Type-2) and MMM-4 (Treat. Type-3) were compared to PP-3 neat
PES membrane, the following conclusions have been drawn. The amount of
decrease in the thickness of selective layer are 17.86 %, 10.00% and 11.95 %
corresponding to the treatment type 1, type 2 and type 3 respectively. For treatment
type 1 and treatment type 2, it was measured %30 and %19.45 decrease in support
layer. For treatment type 3, no significant change observed in thickness of support
layer despite striking growth in size of the pores. Because the pores extended in the
horizontal plane relative to the membrane cross-sectional area, the increase in pore
size was not influenced total membrane thickness. The average particle size of the
filler dispersed on skin layer was increased by %61.6, %600 and %178.76
corresponding to the treatment Type 1, Type 2 and Type 3. Type 1 treatment
prevented the aggregation of filler better than the other two methods. The highest
homogeneous distribution of ZIF-8 crystals and minimum agglomeration are

obtained by treatment type 1. By increase loading of 25 nm in size ZIF-8 from 5%
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to 10%, the change in morphology of membrane diminished and the size of the skin
layer and support layer became closer to that of neat PES membrane. However, the
size of the pores enlarged %52.94 percent compared to the neat PES membrane due
to %10 percent ZIF-8 loading.

The change in the skin layer of mixed matrix membranes including ZIF-8
of 15 nm was small and negligible, while it was observed substantial change in size
of the pores and thickness of porous support layer. The percent decrease in thickness
of support layer was determined as %25.43 and %18.49 compared to the neat PES
membrane according to 15 nm ZIF-8 loading with %5 and %10, respectively.
Despite the diminish in the thickness of support layer, enlargement in pores size
was notable. Since the pores in elliptical shape extended in the horizontal plane
relative to the membrane cross-sectional area, the increase in pore size was not

affect the total membrane thickness.

When the average particle size of the loaded ZIF-8 crystals increased to 65
nm, especially at %10 loading, the variation in thickness of skin and support layer
became more significant. %10 loading of ZIF-8 at 65 nm in size contributed to
%40.20 decrease in thickness of the skin layer while %44.79 decline in thickness
of support layer compared to the neat PES membrane. Unlike the general trend, the
size of the pores reduced by %31.37, when the amount of ZIF-8 at 65 in size
increased to %10 of PES.

Our observation about thinning of the selective skin layer in the presence of
the ZIF-8 crystals is in good agreement with observations of Aroon et al. 2010 and
Rezaei et al. 2015. Polymer solution including nano-sized particles enhances
polymer- filler- polymer interactions which lead to tightly and densified polymer
chains conformation. This makes thinner selective layer (Aroon et al. 2010). The
molecular interactions caused by homogeneously dispersed ZIF-8 crystals are
stronger than that created by non-homogenously dispersed ZIF-8 crystals. Hence
the percent of decrease in the thickness of layer is higher for membranes including
ZIF-8 crystals with Type 1 treatment. As claimed by Rezaei et al. 2015, fillers in

polymer solution promotes liquid-liquid demixing rate by weaken the
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thermodynamic stability, hence thinner selective layer formed. Moreover, addition
of filler alters the viscosity of polymer solution which effects the solvent-
nonsolvent exchange rate. High exchange rate created thinner selective layer and
large porous support layer by stimulating instantaneous liquid-liquid demixing
(Rezaei et al. 2015). This claim is consistent with our study. Probably, the ZIF-8
crystals alter the thermodynamic stability of polymer solution and interaction
between solvent and non-solvent. As a result, polymer lean phase nucleation is
enhanced. Therefore, the pore size increases and the sponge like pores turn into
elliptical in shape. When the ZIF-8 with 65 nm in size loading reached %10 of PES,
probably high interaction between polymer-filler-polymer formed more stable
system which hindered pore formation and smaller pores formed. Despite high
stability, the obtained skin layer was thinner than expected because of the densified

polymer chain conformation.

Conflicting studies with our observations have been reported by Aerts et al.
2000 part 1 and part 2. In this study, Aerts et al. reported that addition of Aerosil
with average particle size of 12 nm shifted the binodal curve to solvent-polymer
axes which indicated changing thermodynamic behavior of system. However,
probably, the main effect of filler on membrane morphology came from the
influence of fillers on phase inversion Kinetics. Aerts et al. induced that a certain
fillers concentration in the polymer solution slowed down the solvent-nonsolvent
diffusion rate which decrease demixing rate. Hence thicker skin layer and thicker

membrane layer formed.

Aerts et al 2000 and Zhang et al. 2006 reported the suppression of pore
formation due to nano-sized fillers which is in agreement with our observation
about decrease in pore size in the presence of %10 of ZIF-8 crystals with 65 nm in

size.

2.7 Gas Separation Test Results of neat PES Membranes

The Hz, CO., and CHs4 permeance of membrane quenched in IPA
coagulation medium with different water content are presented in Table 2.9. The

morphological properties of these membranes were available in Table 2.6. The
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Table 2.9 also included the gas permeance values of dense PES membrane with 52
+ 1 um average thickness meaused by micrometer caliper. The permeance of pure
PES asymmetric membranes quenched in pure IPA bath is at least 2 times higher
than that of pure PES symmetric membranes. This difference can be explained by
the thickness of membrane. The thickness of selective layer of asymmetric PES
membrane quenched in pure IPA was determined as 27.54 + 1.62 um (Table 2.6)
which was nearly half of the thickness of dense symmetric membrane. The ratio of

increase in permeance is the same as the ratio of decrease in thickness of skin layer.

As a general trend, increase in water content of coagulation medium
enhanced gas permeance values of membranes with small decrease in ideal
selectivity. The water content lower than %7 in IPA has smaller effect on membrane
permeance. 5 % water content in IPA coagulation medium leads to approximately
10 % increase in gas permeance of membrane. When the water content in
coagulation medium increased from 0% to 10 vl. %, permeance of Hz, CO2 and CH4
in the flat sheet membrane increase from 0.34 GPU to 1.095 GPU, from 0.16 GPU
to 0.44 GPU, and 0.0045 GPU to 0.0312 GPU, respectively. CO2/CHa ideal
selectivity decreases from 35.6 to 14.1 and H2/CHy ideal separation factor decreases
from 75.6 to 35.1. The significant differences of gas permeance among membranes
prepared from IPA coagulation medium including various water could be explained
by referring to their morphologies as shown by SEM images (Figure 2.12). As
indicated in SEM images, the non-porous selective skin layer thickness decreased
with increase in the water content of coagulation medium. The permeance of an
asymmetric membrane is inversely proportional to thickness of its skin layer. By
decreasing the thickness of the skin layer, the mass transfer resistance of
asymmetric membrane decreases (Ismail and Lai 2004; Kesting 1971). Hence high
value of permeance can be achieved as observed in this study which was in
agreement with studies carried by Deshmukh and Li 1998; and Ali et al. 2007.
Selectivity of a membrane is an intrinsic property of polymer. The decrease in
selectivity is attributed to variation of free-volume of the polymer layer due to
production method (Kesting et al. 1990, Fritzsche et al. 1990) and variation in

sorption capacity due to decrease in thickness (Punsalan and Koros 2005).
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Membranes (PP12 and PP10) prepared in coagulation medium including
%25 and %50 water in IPA medium were not presented in Table 2.9, because gas
test of these membranes was very fast to detect data points and selectivity could not
be detected. This ascribed to the porous skin layer.

Table 2.9 Permeance and selectivity values of membranes prepared in coagulation
bath with different amount of water content in IPA.

Code H20 Permeance (GPU) Ideal Selectivity
in
IPA H2 | CO2 | CHs4 | H2/CO2 | H2/CHs | CO2/CHa4
vl.%
PPO Dense | 0.17 | 0.07 | 0.0016 2.4 106.3 43.8
PP1-PP6, 0 0.34 | 0.16 | 0.0045 2.1 75.6 35.6
PP9
PP7,PP36 | 2% | 0.41 | 0.18 | 0.0042 2.4 100.1 425
PP16, 5% | 0.43 | 0.18 | 0.0050 2.4 87.9 36.4
PP19,
PP20,
PP25,
PP26
PP21 7% | 0.57 | 0.23 | 0.0102 2.5 56.3 22.8
PP15, 10% | 1.10 | 0.44 | 0.0312 2.5 35.1 14.1
PP17,
PP18

The addition of solvent (DMF) into coagulation medium (IPA) improved
both gas permeance and gas separation factor of asymmetric membrane as indicated
in Table 2.10. It was observed that the polymeric membranes prepared in IPA
coagulation bath with 25 vl. % DMF had CO2 permeance 37 % higher and CH4
permeance 24 % higher than that of prepared with pure IPA. By increasing the DMF
content of the coagulation medium from 0 to 30 vl. %, Hz, CO2 and CH4 permeance
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increased by 114 %, 94 % and 84 %, respectively. Since increament in CO2 and H>
permeance is higher than that in CH4 permeance, the CO2/CH4 and H2/CHa ideal
separation factor were also improved. As investigated previously from SEM
images, addition of solvent in coagulation medium formed thinner selective layer
(Figure 2.14). Our gas test results and our morphological investigation were
consistent, thus thinner selective layer provided higher gas permeance. The addition
of solvent into non-solvent coagulation medium decreases the solubility parameter
difference between the solvent and coagulant and also deteriorates the strength of
coagulant. Smaller solubility parameter difference decreases the phase separation
rate and induces delayed demixing which produced denser, less porous and macro-
voids free selective structure (Strathmann et al. 1975; Groth et al. 2013; Chun et al.
2000). (The membrane formation took 15-20 minutes when pure IPA used as
coagulant, while if took 6 hours by introducing the DMF into coagulation medium.)
As a result, highly permeable membrane was obtained without sacrificing in
selectivity. Our investigations about increase in permeance of membranes is
compatible with several researchs in literature (Buonemenna et al. 2004; Mansoori
et al. 2011). However, our investigation about enhancement in ideal selectivity
could not be supported from literature. Mansoori et al 2011 claimed drastic decrease
in selectivity due solvent addition in coagulation medium. Chun et al. 2000
suggested that small amount of solvent into coagulation medium led to denser
membrane layer formation. Probably, similar situation is also valid for our polymer-
solvent-nonsolvent system and enhancement in selectivity can be attributed to
denser membrane structure. Since %25 DMF led to %10 increase in CO2/CHys ideal
selectivity and %23 increase in H2/CHa ideal selectivity. When the DMF content of
coagulation medium reached to %30, the determined ideal selectivity values were
smaller than that of membranes prepared in %25 DMF-%75 IPA coagulant, but still
higher than that of membranes prepared in pure IPA bath.
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Table 2.10 Permeance and selectivity values of membranes prepared in coagulation
bath with different amount of DMF content in IPA coagulation medium. Membrane
casting solution made up of pure DMF and PES with 17.4 polymer concentration.

Code | DMF Permeance (GPU) Ideal Selectivity
in
IPA H, CO, CH., H,/CO, | H./CH, | CO2/CH4
vl.%
PP1- 0 0.34 | 0.16 | 0.0045 2.1 75.6 35.6
PP6, PP9
PP11, 25% | 052 | 0.22 | 0.0056 2.4 92.9 39.3
PP13,
PP14
PP24 30% | 0.73 | 0.31 | 0.0083 2.3 87.4 37.5
Ref. Quench Bath Polymer H> CH, H2/CH,4
Composition (v1.%) (GPU) | (GPU)
Mansoo- H.0 (100%) PSF 25 0.54 46.3
ri etal. DMAC: H,0; 40:60 12.1 0.36 33.6
2011 DMAc: H.0; 80:20 6.2 0.27 16.8
DMAc: H,0; 90:10 3.7 0.23 16.1

Table 2.11 presented the gas test results of membranes prepared from
casting solutions with different polymer concentrations. H. permeance decreased
from 1.095 GPU to 0.64 GPU, CO, permeance decreased from 0.44 GPU to 0.22
GPU and CH4 permeance decreased from 0.0312 GPU to 0.0087 GPU by increasing
the polymer concentration of casting solution from 17.4 wt.% to 29.6 wt.%.
Subsequently, H2/CH4 and CO2/CHg ideal selectivity enhanced by 100 % and 76%,
respectively. Although it was not noted a significant effect of polymer
concentration on membrane skin layer thickness (Figure 2.15), permeance and
separation factor of membrane changed depending on polymer concentration.
Because, the denser polymer solution modified the phase separation kinetics by

increasing the casting solution viscosity. Effect of viscosity on polymer chain
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entanglement was proved by Chung and Kafchinski 1997. Higher viscosity induced
denser segmental packing and chain entanglement in the skin layer Hence lower
permeance values were obtained. Moreover, more uniform skin layer was formed.
This was associated to increase in the selectivity. Our observation about decrease
in permeance with enhancement in selectivity with increase in polymer
concentration was perfect agreement in literature (Aroon et al. 2010 (Separation
and Purification Technology), Kurdi and Tremblay 1999; Ismail and Lai 2003).

Table 2.11 Permeance and ideal selectivity values of membranes prepared in

casting solution with different amount of PES concentration. Membranes were
quenched in coagulation medium composed of IPA/H20:90/10 (in %vl.)

PES Permeance (GPU) Ideal Selectivity
in
Code | Casting
Sol. Hz | CO2| CHs | H2/CO2 | H2/CH4 | CO2/CHas
wt.%
PP15, 17.4% | 1.095 | 0.44 | 0.0312 2.5 35.1 14.1
PP18
PP31 29.6% | 0.64 | 0.22 | 0.0087 2.9 73.6 25.3
Ref. PSF in Casting Permeance (GPU) Ideal Selectivity
Sol. (wt.%0) H2 CO2 CHa H2/N2 | CO2/CH4
Aroon et 25% - 9.64 4.02 - 2.29
al. 2010 30 % - 7.26 1.64 - 4.43
Ismail 15% 130 - - 18 -
and Lai 19% 55 - - 30 -
2003 22% 30 - - 45 -
29% 20 - - 70 -
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The effect of IPA concentration in the polymer solution on membrane
performance was depicted in Table 2.12. Addition of 10 vl. % IPA into DMF
solvent led to significant enhancement in H> permeance from 0.43 GPU to 1.33
GPU, in CO2 permeance from 0.18 GPU to 0.54 GPU and in CH4 permeance from
0.0050 GPU to 0.1220 GPU. The separation factor of membrane declined sharply
from 36.4 to 4.6 for CO2/CH4 and from 87.9 to 11.3 for Ho/CHa. The enhancement
in permeance of membrane was attributed to the change of the phase separation
behavior due to non-solvent additive. Addition of non-solvent into the polymer
solution shifts the binodal curve and the spinodal curve towards the polymer/solvent
axis which reduces single phase region. In other words, the casting solution
becomes closer to the precipitation point. Therefore, the precipitation path shortens
and precipitation process accelerates, liquid-liquid demixing enhances due to
existence of nonsolvent in the polymer solution (Yeow et al. 2003; Mansourizadeh
and Ismail 2011), thus thinner skin layer formed which promoted the higher
permeance (Aroon et al. 2010 (Separation and Purification Technology)). The
CO./CH4 separation factor decreased sharply by 88 % (selectivity of 4.6 in
comparison with 36.4). A possible reason was that pores or non-selective voids on
the skin layer formed due to fast phase separation. As inspected from SEM images
porous layer formed on dense skin layer. The pores on dense skin layer was
connected to porous support layer under the skin layer. Therefore, membrane could
not present its intrinsic ideal selectivity. Mansourizadeh and Ismail 2011 reported
that addition of EtOH in to PVDF-NMP solution increased the surface porosity by
two and a half times while doubled the N2 permeance. This result was consistent
with our observations about increase in permeance of membranes and formation of
porous skin layer. Aroon et al. 2010 (Separation and Purification Technology)
declared that the existence of non-solvent EtOH in PSF-NMP polymer solution
enhanced both CO: permeance from 9.64 to 16.95 GPU and CO2/CHs ideal
selectivity from 2.39 to 5.09. The increment in selectivity is contradict to our
finding but supported results of Wang et al 1996 and 2000. Authors associated the
increase in gas permeance to instantaneous demixing and attributed the promotion

of selectivity to suppression of voids
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formation on the skin layer. The effects of the additives are not restricted only
thermodynamic of phase inversion. The additives can also affect kinetically by
altering the solvent-nonsolvent diffusion. Increase in solution viscosity due to
additives retards solvent-nonsolvent diffusion, thus suppress voids formation
(Aroon et al. 2010 (Separation and Purification Technology); Wang et al. 1996; and
Wang et al. 2000).

To conclude, IPA in DMF-PES solution enhanced permeance by promoting
instantaneous demixing but deteriorate the selectivity by promoting solvent-
nonsolvent exchange rate. Highly probably, addition of IPA in casting solution
decreased the viscosity of solution in our system which enhanced solvent-
nonsolvent exchange rate. Decrease in viscosity of polymer solution due to alcohol
additive was observed by several researchers (Mansourizadeh and Ismail 2011,
Naim et al. 2012).

Table 2.12 Effect of non-solvent in membrane solution on gas permeance and ideal
selectivity. Membranes quenched in coagulation medium IPA/H20:95/5 (in %vl.)

Code IPA Permeance (GPU) Ideal Selectivity
content
in Ho CO. CH, H,/CO; | Ho/CH4 | CO2/CH4
casting
Soln.
(Wt.%)
PP16, 0 0.43 0.18 | 0.0050 2.4 87.9 36.4
PP19,
PP20,
PP25,
PP26
P22, PP23 7% 1.33 0.54 | 0.1220 2.5 11.3 4.6
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2.8 Gas Separation Test Results of PES/ZIF-8 Mixed Matrix Membranes

Table 2.13 shows the gas separation test results of asymmetric membrane
including thermally annealed (annealing type-2) ZIF-8 crystals. The ideal
selectivity values of this type of mixed matrix asymmetric PES membrane were
significantly lower than that of neat PES membrane. Loss of selectivity of gas pairs
with ZIF-8 loading was attributed to the cluster of ZIF-8 particles, which was
observed by investigation SEM images (Figure 2.18). Since aggregated ZIF-8

particles formed non-selective voids (Moore and Koros 2005, Bae et al. 2010).

Table 2.13 Permeance and selectivity values of mixed matrix (PES/ZIF-8)
membranes prepared with thermally annealed ZIF-8 crystals in pure IPA
coagulation bath.

Code ZIF-8 Permeance Ideal Selectivity
H2 CO2 | CHs | H2/CO2 | H2/CHs | CO2/CHa4
MMM?2 %5 0.66 | 0.25 | 0.066 2.6 10.0 3.8
(25 nm)
MMM1, %10 565 | 145 | 2.05 3.9 2.8 0.7
MMM11 | (25 nm)
MMM12 | %10 | 10.04 | 1.32 | 2.33 7.6 4.3 0.6
(65 nm)

In order to avoid agglomeration, ZIF-8 crystals were used without thermal
annealing. Instead of thermal annealing, closed ZIF-8 pores were activated with
MEOH washing (annealing type-1). Gas test results of mixed matrix membrane
including type-1 annealed ZIF-8 crystals at different percentage and crystals size
were depicted in Table 2.14. Loading ZIF-8 improved the permeance of
membranes. Using ZIF-8 crystals with 25 and 65 nm average particle size enhanced
also separation performance of membranes beside permeance. On the other hand,
ZIF-8 crystals with 15 nm in size, even in small amount, led to loss in CO2/CH4 and
H2/CHg ideal selectivity values (from 35.6 to 24.6 and 75.6 to 61; respectively). A

possible reason was that the non-selective voids formed due to agglomeration of
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ZIF-8 crystals at 15 nm in size. Same trend was not observed at 25 nm and 65 nm
ZIF-8 usage since ZIF-8s with smaller particle size are more susceptible to
clustering than large ZIF-8 particles as evidence by SEM images (Figure 2.19-20,
Table 2.8) and also reported by Ayas 2014.

Observations show that CO. permeance of membrane increases with
increasing filler loading. 5% loading of ZIF-8 with 65 nm crystal size resulted in
31% increase in CO, permeance and 13% increase in CO2/CHas selectivity as
compared with neat PES membrane. On the other hand, %5 loading of ZIF-8 with
smaller particle size (15 nm and 25 nm) had similar effect on permeance of
membrane. Increasing 15 nm ZIF-8 content from %5 to %10, approximately %40
enhancement in Hz and CO, permeance was detected with slight improvement in
selectivity. By increasing in 65 nm ZIF-8 content from 5% to 10% of PES, the gas
permeances fold in two without loss in selectivity. Using 65 nm ZIF-8 with %10
loading provided enhancement in both permanence and selectivity compared to the
neat PES membranes, thus indicated the admirable interaction between fillers and
polymer (Basu et al. 2011). To conclude, the increasing permeances with increasing
ZIF-8 loadings were attributed to combinational effect of porous nature of the ZIF-
8s (Basu et al. 2011; Dorosti et al. 2014) and more free volume of polymer enlarged
due to ZIF-8 loading (Hashemifard et al. 2011, Gholami et al. 2017). The
enhancement in selectivity is related to pore size of ZIF-8 crystals showing
molecular sieving effect and tortuous path around ZIF-8 crystals. Pore size of ZIF-
8 crystals (0.34 nm) is suitable to pass of CO2 and H> with kinetic diameter 0.33
nm and 0.29 nm; respectively, but not suitable for pass CH4 with kinetic diameter
0.38 nm. Moreover, specific interaction between CO> and ZIF-8 crystals because
of high quadrupole moment of CO, improves CO, permeance larger than CH4
permeance, this is another reason of higher CO./CHs4 selectivity (Gholami et al.
2017). Increasing the diffusion path length for the gas penetrants which were forced
to take a more tortuous path around the ZIF-8 nanoparticles (Ordenez et al. 2010)

is also a factor which improves the selectivity.
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Table 2.14 Gas transport properties of Mixed Matrix (PES/ZIF-8) membranes
prepared with ZIF-8 crystals (Treat-Typel) in pure IPA coagulation bath.

Code ZIF-8 Permeance Ideal Selectivity
content Hz | CO2 | CHs | H2/CO2 | H2/CH4 | CO2/CHa4
MMM25 %5 0.47 | 0.19 |0.0077 2.5 61.0 24.7
(15 nm)
MMM28 %10 0.69 | 0.27 | 0.0098 2.6 70.4 27.6
(15 nm)
MMM3, %5 0.48 | 0.22 | 0.0061 2.2 78.7 36.1
MMMG6, | (25 nm)
MMMS8
MMM9 %10 0.43 | 0.19 |0.0054 2.3 79.6 35.2
(25 nm)
MMM7 %5 0.47 | 0.21 | 0.0055 2.2 85.5 38.2
(65 nm)
MMML10, %10 0.83 | 0.38 |0.0101 2.2 82.2 37.6
MMM29 | (65 nm)
PP1-PP6, | Neat PES | 0.34 | 0.16 | 0.0045 2.1 75.6 35.6
PP9
Ref. Membrane Content CO2 CO2/CHa4
Gholami et al. 2017 PU 2.5 Barrer 7.5
PU+30 wt.% ZIF-8 15 Barrer 135
Ordonez et al. 2010 Pl 10.5 Barrer 49
PI+40wt.% ZIF-8 26 Barrer 30
PI+50wt.% ZIF-8 5 Barrer 89
Ismail et al. 2015 PES 0.94 GPU 16.94
PES+1wt.%Cloisite15 3.71 GPU 46.89
Md. Nordin et al. PSF 21.27+6.35 GPU | 19.43
2015 PSF+0.5wWt.%ZIF-8 | 29.22 +3.68 GPU | 23.16
PSF+0.75wt.%ZIF-8 | 33.35 + 3.46 GPU 9.66
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Figure 2.20 showed CO, permeance with respect to CO2/CHys selectivity of
mixed matrix membranes including 25 nm and 65 nm ZIF-8 in different loading
amount. It was observed proportional increase in both selectivity and permeance
with 65 nm ZIF-8 loading. Effect of 25 nm ZIF-8 was not as high as that of 65 nm
ZIF-8. These experiences showed that ZIF-8 with higher crystal size was more

suitable than ZIF-8 in lower crystal size.

385 . A Neat PESAV/(PP1-PP9)
> 38
= 375 = ® 5Wt%25nm ZIF-8
3 A (MMM3MMM6MM
& 37 Me)
K X 10wt% 25nm ZIF-8
=365 (MMMO)
T
L 36 L * 5Wt%65nm ZIF-8
O (MMMT7)
@)

35.5 2

X m 10Wt%65nm ZIF-8
35 Av(MMM10,MMM29)

0 0.1 0.2 0.3 0.4
CO, Permeance (GPU)

Figure 2.20 Effects of ZIF-8 loading and ZIF-8 particle size on CO, permeance
and CO2/CHjy of flat sheet asymmetric mixed matrix PES/ZIF-8 membranes.
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2.9 Conclusion

In Chapter 2, morphological and gas transport properties of PES membrane
produced by non-solvent induced wet phase inversion method were investigated.
The solvent and non-solvent content of IPA coagulation bath, loading percent of
ZIF-8, and pre-treatment of ZIF-8 were parameters whose effects on both

permeance and membrane structure analyzed.

The dense skin layer thickness of PES membrane quenced in pure IPA bath
was 30 um. By increasing the water content to 10 vl. % of total coagulant, the skin
layer thickness decreased to 5 pm. Further increase in water content prevented the
formation of skin layer. ZIF-8 loading led to decrease in thickness of skin layer

from 30 pm to 22 pm.

The polymeric membranes prepared in IPA coagulation bath with 25%
DMF have CO2 permeance 44% higher than that of prepared with pure IPA. The
polymeric membranes prepared in IPA coagulation bath with 10% water have CO>
permeance 175% higher as compared to the one prepared with pure IPA.
Membranes were prepared with 5% and 10% contribution of ZIF-8 having 65, 25
and 15 nm crystal sizes. CO. permeance of membrane increased with
increasing filler loading. 10% loading of ZIF-8 with 65 nm crystal size results in
86% increase in CO2 permeance and 13% increase in CO2/CHa selectivity of PES
membrane. On the other hand, lower ZIF-8 loading with smaller particle size has

smaller effect on permeance of membrane.
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CHAPTER 3

LIGHT INDUCED DRY-WET PHASE INVERSION METHOD FOR
ASYMMETRIC NEAT PI AND PI/ZIF-8 MIXED MATRIX
MEMBRANES

In this chapter, the morphological and gas separation properties of neat PI,
P1/ZIF-8 MMM produced by dry-wet phase inversion method were presented and

discussed.

The polymers of an industrially applicable membrane should also be
commercially affordable and readily available. Hence, commercial polymers such
as Pl and PES are preferred for industrial membrane applications. Again, the
membrane to be used in the industry must have a high gas permeance and be easily
producible. The asymmetric membranes meet the requirement of high permeance.
The dry-wet phase inversion method is the simplest way to obtain an asymmetric
structure in a single step. The dry phase inversion is an important step to produce
defect-free dense skin layer, because this step enhances the stability of polymeric

solution before entering the wet phase inversion step.

In the present study, during dry phase inversion step, the polymeric solution
film was exposed to lights at a certain time period. Depending on the type of light
source and the duration of exposure period, the amount of volatile solvent
evaporated from surface of the polymer solution film are changing. Therefore, the
concentration and stability of the polymer film solution will change before entering
wet phase inversion step. Hence light exposure period has significant effect on the
morphological structure and also on the gas separation performance of membrane.
In addition, the amount and the type of volatile solvent, its interaction with the
polymer, non-volatile solvent and non-solvent, amount of filler and type of the filler
influence both kinetic and thermodynamics of dry and wet phase inversion steps.
Thereby morphology and gas transport properties of membrane alter significantly

depending on these parameters. The light source, light exposure period, amount
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and type of the volatile solvents, and ZIF-8 incorporation into casting polymer
solution were the parameters those were investigated in this study. According to
our current knowledge, exposure of the membrane to light energy during the dry
phase change process has not been experienced and its effects has not been

investigated yet.

The effects of the above mentioned parameters on membrane morphology
were examined by SEM test while the effects on gas separation performance were
tested by constant volume variable pressure gas test system.

3.1 Evolution and Development of Dry-Wet Phase Inversion Method for

Gas Separation Asymmetric Membranes

The formation mechanism of asymmetric membrane via dry-wet phase
inversion is as expressed in Chapter 2.1 Theoretical Background part. The only
difference is the dry-inversion step which provides denser and more stable polymer
layer at the outermost surface. This denser and stable outermost surface can resist
the stress formed during wet phase separation. Furthermore, vitrification and
coalescence of polymer rich region hinders the formation of defects (Aroon et al.
2010).

The major breakthrough in polymeric gas separation membrane is the
production of defect-free and ultrathin skinned asymmetric membrane with high
gas separation properties. The major problem is defects on the dense skin surface
because of un-even packing of kinked polymer chain and deficient coalescence of
polymer molecules and stress induced rapture during wet phase quenching
(Kimmerle and Strathmann 1990) on the skin surface. Because the Knudsen
diffusion active for non-selective pores is faster than solution-diffusion mechanism,

these defects lead to significant loss in selectivity (Ismail and Yean 2003).

Several manipulations about membrane production methods are carried out
to achieve a membrane with ultra-thin skinned membrane having the intrinsic

selectivity of polymer. Table 3.1 has been listed gas separation and transport
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properties of some of the asymmetric membranes depending on variation and

manipulation in membrane preparation methods.

Henis and Tripodi 1980 suggested to plug the non-selective voids on the
ultra-thin skin by non-selective and highly permeable polymers such as silicone
rubber or polydimethylsiloxane. Henis and Tripodi’s suggestion was widely
accepted and implemented in both industry and academic researches. Henis and
Tripodi 1980 entitled these coated membrane as composite membrane and indicated
that the coated membranes showed the intrinsic gas separation properties of porous

support membrane.

Kesting et al. 1990 propounded the Lewis acid and Lewis base complexes
in the spinning dope to achieve high free volume and also ultra-thin density graded
skin layer. They also hypothesized that there is a critical molar volume (~147
cc/mol for PSU) exits in dope formulation. By a small variation in dope formulation
such as using propionic acid (Lewis acid) with NMP (Lewis base) instead of neat
NMP as solvent, anisotropic graded skin layer was obtained which provided the
fourfold increase in O2 permeability without any scarification in O2/Nz selectivity.
Fritzsche et al. 1990 studied systematically the effect of oxygen plasma ablation
time and molar propionic acid (PA):NMP ratio on He and N> permeance of PSF
hollow fiber membrane. He and N2 permeance increased with increase in molar
ratio of PA:NMP and also in oxygen plasma ablation period. He/N: selectivity
increased with increase in molar ratio of PA:NMP but decreased with oxygen
plasma ablation period. Existence of PA or water (non-solvent) in the solution
accelerated the sol-to-gel transition. The rapid sol-to-gel transition leads to increase
in the free volume. Oxygen plasma etching confined the surface of the membrane

without changing its intrinsic separation properties.

Van’t Hof et al. 1992 suggested dual-nonsolvent-bath for wet phase
inversion in order to take the advantage of both delayed demixing and instantaneous
demixing. First non-solvent bath (glycerol or 1-pentanol) was responsible to the

formation of dense selective layer and the second non-solvent bath (water) provided
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the polymer precipitation. This technique provided selective PES membrane
without any additional solvent evaporation step prior to wet phase inversion or

coating.

Hachisuka et al. 1996 produced 6FDA-BAAF polyimide membrane with
ultra-thin 40-60 nm skin layer by using one type solvent and one type non-solvent
systems instead of using complex solvents and non-solvents system. The formation
of such a thin skin layer with almost defect-free was attributed to the dissolution
properties of solvent (diethylene glycol dimethyl ether DGDE) in water (non-
solvent). During phase inversion a sharp interface formed between water and
DGDE and hyper-thin skin layer formed at this interface. Hachisuta et al. 1996
prepared 6FDA-BAAF membrane by using NMP instead of DGDE at the same
composition and by the same preparation method. However, in this case no skin
layer could be obtained. The difference between DGDE and NMP was explained
via the difference between dielectric constant and dipole moment. The dielectric
constant and dipole moment of DGDE are 5.97 and 1.97D, respectively which are
much smaller than those of NMP (32 and 4D).

Dual-layer hollow fiber asymmetric membrane is among the resent
recommendations (Jiang et al 2004). The main principle is to combine the
advantages of two different materials. Dual-layer hollow fiber membranes are
mainly composed of two layer made up of two different materials. The major

advantage is eliminating secondary operation such as laminating or coating.

The preparation different polymers into binary or ternary blends is another
way to combine advantages of polymer for membranes (Han et al. 2010). For
example, Pl membranes has limited industrial applications despite its good
permeance and selectivity, because of its low resistance against plasticization, and
relatively short lifetime compared to polysulfone. Blending Matrimid with

polysulfone is a way to increase stability of the membrane (Basu et al. 2010).

Yuenyao et al. 2015 preferred plasma treatment to enhance permeance of
flat polysulfone membrane. The DC plasma treatment is mainly modifying the
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surface and pore properties of membrane, which leads to increase CO, permeance

by 60% without any sacrifice in CO2/CHg selectivity. (see Table 3.1)

Several authors widely preferred using additives such as polymer additives
(PVP, PEG), low molecular weight additives (LiCl), acids (acetic acid, phosphoric
acid, propionic acid), weak-co-solvents (acetone, ethanol), weak non-solvent
(methanol, isopropanol, glycerol, ethylene glycol), strong-non-solvent (water), and
volatile solvent (THF, chloroform, dichloromethane). These additives change the
thermodynamics property of polymer solution, thereby the phase inversion
properties alter. Since the viscosity of polymer solution changes, kinetics of phase
inversion mechanism is effected also. Aroon et al. 2010 investigated the effects of
several additives on separation properties of PSF asymmetric flat membranes. As
indicated in Table 3.1, the CO> permeance and CO2/CHs4 selectivity of PSF
membrane increased due to polymer or non-solvent additives into casting polymer
solution. These are attributed to the fact that additives lead to shift the binodal line
towards the polymer-solvent-additive axes. Hence instantaneous demixing creates
more permeable membranes. High selectivity was observed due to rapid
coalescence of polymer rich phase due to additives. By addition of volatile solvent
(THF), the permeance value decreased with improvement in ideal selectivity.
Aroon et al. 2010 explained this phenomenon via denser and thicker skin layer due

to delayed-demixing induced by THF addition.

Ismail and Lai 2003 suggested that using a primary more volatile solvent
and secondary less volatile solvent provides finer adjustment of solvent evaporation
and polymer coagulation. Furthermore, skin layer formation of membrane is
originated from outermost surface of the casting film, because evaporation of
volatile solvent creates locally elevated polymer concentration at this region.
Therefore, thickness and integrity of skin layer are closely related to evaporation
rate and ratio of volatile and less volatile solvent. In the present study, we used
acetone for PES and THF for PI solution as co-solvent. The effects of volatile
solvent / non-volatile solvent on morphological and gas transport properties of

membrane were investigated systematically.
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Researchers focus mainly manipulation of rheological properties and
compositional properties of membrane solution or coagulation medium. There are
only a few researches about dry inversion period and its effect on membrane

properties (Pinnau and Koros 1991).

Pinnau and Koros 1991 produced PSF membrane by three different
methods; namely solvent evaporation, wet phase inversion and dry-wet phase
inversion. The optimum gas separation performance was obtained from membranes
prepared via dry-wet phase inversion with convective evaporation step. These
membranes have ultra-thin skin layer approximately 270 A with tightly packed
nodular transition layer. In this process, air stream with 100% RH was blown down
across PSF film surface for 10 seconds and then polymer film left for free standing
evaporation for 15 seconds. Then after the film was quenched with MeOH. The
He/N2 and O2/N: selectivity of these membranes were approximately 85% of
selectivity of dense membrane which is an indicate of defect-free layer. Lower
selectivity than intrinsic value can be result of increased free-volume in the ultra-
thin skin layer. Hence, the actual skin layer may be thinner than apparent skin layer.
Later on Pinnau and Koros 1993 pointed out that at the initial evaporation step
outermost region of polymer film undergoes spinodal decomposition. Capillary
pressure occurs at the space formed by polymer-poor phase in contact with air. This
force acts normal to the membrane surface and leads to coalescence of polymer rich
phase, hence formation of defects will be prevented.

Ismail and Lai 2003 and Ismail et al. 2011 induced that casting polymer film
content (polymer concentration, solvent ratio (ratio of volatile solvent to non-
volatile solvent)) and casting conditions (evaporation time, forced convection,
casting shear rate) are very important precursors for defect-free ultra-thin skin
membrane production. Ismail and Lai 2003 reported that evaporation period during
dry inversion step leads to the increase in the thickness of skin layer and decrease
the porosity of it as suggested by Machado et al. 1999 and Huang and Feng 1995.
These studied proved that skin layer properties such as thickness or porosity can be

changed by manipulation in evaporation step.
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Mixed matrix membranes are composed of organic polymers as continuous
phase and inorganic filler as disperse phase. Recently, mixed matrix membrane is
widely preferred method to improve separation and transport properties of

polymeric membrane.

Zulhairun et al. 2014-a prepared mixed matrix membrane made up of PSF
and Cloisite-15A (abbreviated C15A) non-porous filler. This study reported that
PDMS coating was mandatory for sealing defects. Membrane solution was prepared
30 wt.% PSF, 35 wt.% DMACc (non-volatile solvent), 30 wt.% THF (volatile
solvent) and 5 wt.% ethanol (non-solvent) and the amount of C15A was from 0.5
to 2.0 wt.% of PSF. The CO. permeance increased with C-15A loading. The
optimum result observed for 1 wt.% C-15A loading which was approximately
270% increment in CO2 permeance with slight decrease in CO2/CHjs selectivity.
Further increase in C-15A (2 wt.%) loading led to small increase in permeance but
deteriorated the selectivity, which was attributed to non-selective voids on selective
layer due to particle cluster. Enhancement in permeation despite the non-porosity
of filler was because of additional free volumes at the clay-polymer interface and

also gallery space in the clays.

Dorosti et al. 2015 enhanced the CO2/CH4 separation performance of
Matrimid 5218 asymmetric flat membranes by incorporating nano-porous MIL-53
and ZSM-5 particles. Even small amount of filler loading such as 6 wt.% resulted
in enhancement in both permeance and selectivity as depicted in Table 3.1. When
the ZSM-5 loading exceeded 6 wt.%, the CO2/CHjs selectivity began to decrease
which was attributed to creation of interfacial voids due to higher loading. This
optimum loading value was higher for MIL-53 compared to ZSM-5. The
deterioration of selectivity began for Matrimid/MIL-53 when MIL-53 loading was
higher than 15 wt.%. The better performance of mixed matrix membrane
incorporated with MIL-53 was ascribed the organic linkers of MIL-53 which
provide better interaction between polymer and MIL-53. Hence formation
probability of interfacial voids decreased. The highest CO2/CHs selectivity was
observed when Matrimid incorporated with 15 wt.% MIL-53. The detected CO>
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permeance was 19 GPU with 23.6 CO2/CHjs selectivity The permeance was 3.8
times of the CO> permeance of neat Matrimid and the selectivity was 59% higher
than CO./CHg selectivity of neat Matrimid. Although Dorosti et al. 2015 was not
used volatile solvent, they kept casting solution at 50 °C for 2 min. to facilitate
partially evaporation of NMP. The skin layer thickness of Matrimid mixed matrix
membrane was reported approximately 3-5 um. It was observed also agglomeration
of MIL-53 and ZSM-5 particles especially 30% loading. But the agglomeration has
any negative effect on permeance values. On the other hand, agglomeration of filler
promoted the formation of interfacial voids which decreased the selectivity.
Enhancement in permeance was attributed to increased free-volume of polymer due
to ZSM-5 and MIL-53 loading. The improvement in ideal selectivity was explained

by size selectivity characteristic of filler.

Ismail et al. 2015 studied about PES/Cloisite15A asymmetric flat sheet
mixed matrix membrane. 1 wt.% exfoliated Cloisite15A resulted in increment of
CO2 permeance from 0.94 to 3.77 and CO2/CHya selectivity from 16.94 to 46.89. On
the other hand, the CO2 permeance increased from 0.94 to 3.44 and CO2/CH4
selectivity increased from 16.94 to 22.57 due to 5 wt.% intercalated Cloisite15A
loading. The difference arisen from the dispersion properties of filler. The

improvements in permeance was ascribed to silicate galleries.

Md-Nordin et al. 2014 investigated the effect of ZIF-8 loading into PSF
asymmetric flat membrane and reported that 1 wt.% ZIF-8 of PSF resulted in 51%

and 47% increment in CO. permeance and CO2/CHjs selectivity, respectively.
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3.2 Experimental Method and Materials
3.2.1 Materials

Polyimide resin, Matrimid ®5218 with 1.2 g/cm?® density, 588,000 g/mol
molecular weight and 300°C glass transition temperature (Tg) was purchased from
Alfa Easer. Polyimide resin was dried at least for one night at 80 °C before use. At
35 °C and 4 bar upstream pressure, the reported permeability coefficients of
Matrimid ®5218 membrane for Hz, CO, and CHa are 17.50, 7.29 and 0.21 Barrers,
respectively (Zhang et al., 2008). The open chemical formula of Matrimid ®5218

polymer monolayer is depicted in Figure 3.1.

0 O 0
O O

1

Figure 3.1 Chemical structure of Matrimid ®5218 repeating monomer (Zhang et
al., 2008).

Two solvents were used, one of them was high boiling point and the other
one was low boiling point. The high boiling point solvent was N,N-
Dimethylformamide (DMF) with high purity (>99%) was provided by Sigma-
Aldrich. It has the linear chemical formula of HCON(CHz3)2, normal boiling point
of 153 °C, and density of 0.944 g/cm? at 20 °C. The low boiling point solvent was
Tetrahydrofuran EMPLURA® from Merk with purity higher than 99% and
stabilized with 2,6-Di-tert-butyl-4-methylphenol (BHT). It has the chemical
formula of C4HgO, normal boiling point of 65 °C, molecular weight of 72.11 g/mol
and density of 0.89 g/cm? at 20 °C.

ZIF-8 with 65 nm average particle size was used as MOFs based filler. The

details of ZIF-8 synthesis and pre-treatment procedures were already expressed in
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Chapter 2. In PI, unlike wet phase inversion of PES-ZIF-8 MMM production

method, ZIF-8 crystals were used after thermal annealing (Treatment Type-3).

3.2.2 Light Induced Dry-Wet Phase Inversion Method

During this PhD. work, four different membranes production method were
studied. These were solvent evaporation, vapor phase inversion, non-solvent
induced phase inversion and dry-wet phase inversion. By solvent evaporation
method, solvent is removed from polymer solution at high temperature under
vacuum condition. By this method, non-selective, non-defected, symmetric thick
membrane layer is obtained. The selectivity of these membranes is quite high while

their permeance is low.

By dry-wet phase inversion method, asymmetric membrane with thin skin
layer and thick porous support layer is obtained. Membranes with high permeance
are produced by this method. Despite its convenience and advantage in terms of
permeance, this method has also some problems. One of common problems is
defective skin layer. The non-porous selective layer is formed during dry inversion
step. However, this step is quite sensitive to environmental condition such as
temperature or humidity. Moreover, during the wet inversion method strong non-
solvent may lead to defects on selective layer. Similar problems are not observed
in solvent evaporation method. Because of this reason, it was planned to combine

these two methods; solvent evaporation and dry-wet phase inversion.

For this purpose, casted polymer solution was subjected to heating by
exposing light source for a while. For light sources, infrared light bulb (IR-light) or
incandescent lamp light (IL-light) was used. The main aim was obtaining more
rigidified, homogeneous and defect-free polymeric layer by enhancing evaporation
from surface. This method has not been tried before in literature and it has been
innovated during this work. In this chapter, this method is abbreviated as LIDWPI.
Dorosti et al. 2015 prepared by dry-wet phase inversion method and they used
vacuum oven at 50 °C for two minutes during dry inversion. However, in this
process evaporation step was controlled by convective heat transfer method. We

preferred using light as a heat source because by light especially by IR-light heating
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was provided via electromagnetic radiation which is more effective method for
heating. Figure 3.2 shows the schematic presentation of light exposure step in dry

inversion period. The appereance of the casting solution just after IR-light exposure
can be seen in Figure 3.3.

Light Source (IR or IL)

N\
)

THF+DMF evp. S S )‘Casting PI solution

| |
Glass Plate

Figure 3.2 Schematic presentation of light exposure step in dry inversion step.

Figure 3.3 The appearance of the casting PI solution after the light-induced dry
phase change, just prior to wet inversion step.
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3.2.3 Light Induced Dry-Wet Phase Inversion (LIDWPI) for neat PlI,
PI/ZIF-8 Membranes

A homogeneous polymer solution consisting of 4 g of THF, 9.5 g of DMF
and 4 g of Pl was prepared. First, 4 g of THF and 9.5 g of DMF were mixed and
then 4 grams of Pl was added to this solvent mixture in three steps for priming
purposes. The solution was mixed in a magnetic stirrer at 300 rpm at room
temperature to dissolve the polymer. Before and after each Pl addition, the polymer
solution was sonicated in ultrasonic sound wave bath for ten minutes to accelerate
the dispersion of the agglomerated polymer. After the polymer was completely
dissolved and a homogeneous solution was obtained, the solution was allowed to
stand overnight for degassing. The content of THF, which was another parameter,
increased to 34 wt. % and decreased to 11 wt.% of the solution and the effects of

the volatile solvent contents were examined.

The air conditioning cabinet (a home-made Glow Box) shown in Figure
3.4 was used to stabilize membrane casting conditions such as humidity and
temperature. The membrane cabinet is about 40 liters in volume. It has an automatic
film applicator and an infrared bulb at 250 Watt power. There are three discharge
outlets on the cover and are numbered 1, 2, and 3 in Figure 3.4. The first discharge
outlet is used to evacuate the solvent vapor in the cabinet. The other two outputs
are designed to adjust the humidity of the air inside the cabin. The air inside the
cabin is sucked by a fan through the outlet of the number 3 and humidifed by
passing through a column containing 700 ml of water at 100 °C then fed back to the

cabin from the outlet of the number 2 by the help of the fan.
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Figure 3.4 Glow Box

After bringing the humidity cabinet to the desired moisture value, the
membrane solution was poured onto the glass surface with a thickness of 500 um
with the aid of an automatic film applicator. The polymer film was then exposed to
infrared light during the dry phase change. Infrared light source is a General Electric
bulb with 250 Watt power. In some experiment, incandescent light with 75 Watt
was used instead of infrared light. During the dry phase change, the purpose of
exposing the membrane to the infrared light is to accelerate the evaporation of the
volatile solvent, thereby controlling the thickness of the selective non-porous skin
layer and producing it in a non-destructive manner. After dry inversion step, casting
film was quenched in 500 ml DI water. To remove the residual solvent, the
solidified membrane was dried overnight in a 120 © C vacuum oven.

In order to prepare PI/ZIF-8 mixed matrix membrane, ZIF-8 at 10% by mass
of the polyimide was dispersed in 9.5 g DMF solvent. The ZIF-8/DMF solution was
stirred at 300 rmp and at room temperature. The necessary amount of ZIF-8 was
added at three or four step based on the amount. The solution was ultrasonicated
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for 30 min between each step. After dispersion of necessary amount of ZIF-8 in the
9.5 g DMF solvent, 4 g THF was added to DMF/ZIF-8 solution. The 4 g of Pl was
added in three steps; 15 wt.% of total PI, 35 wt.% of total PI, and 50 wt.% of total
PI1, respectively. Before each addition, membrane solution was ultrasonicated for
10 minutes. The casting and annealing methodologies of mixed matrix PI/ZIF-8

membranes were the same as those of neat Pl membranes.

Pl membranes prepared by LIDWPI method were listed in Table 3.2 with
their production specifications and their codes. The mixed matrix membranes were

listed in Table 3.3 with production conditions.

Membrane Characterization: Morphological properties and gas
separation performance of membranes were investigated by SEM and constant
volume variable pressure gas test system, respectively. The details of these test

method and system were already available in Chapter 2.3.5 experimental part.
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Table 3.2 PI membranes produced via LIDWPI methods. Each membrane included
4 gPl.

Membrane | THF (g) | DMF (g) Light Dry-inversion | Humidity
Code Source (s)
PI-8 4 9.5 IL 120 No control
P1-10 4 9.5 IL 120 No control
PI-11 4 9.5 IL 120 No control
P1-12 2 115 IL 120 No control
P1-13 6 7.5 IL 120 No control
Pl1-14 4 9.5 IR 6.5 No control
P1-15 4 9.5 IR 120 No control
P1-16 2 115 IL 120 No control
PI1-17 6 7.5 IL 120 No control
P1-19 4 9.5 IR 120 No control
P1-20 4 9.5 IR 40 No control
PI1-21 4 9.5 IR 6.5 No control
Pl-22 4 9.5 No light 0 No control
P1-24 4 9.5 IR 40 No control
P1-25 4 9.5 IR 40 No control
P1-26 4 9.5 IR 20 No control
PI-28 4 9.5 No light 0 No control
P1-29 4 9.5 No light 0 No control
P1-30 4 9.5 No light 0 No control
PI1-31 4 9.5 IR 60 No control
P1-32 4 9.5 IR 20 No control
P1-33 4 9.5 IR 120 No control
PI-34 4 9.5 No light 0 No control
PI-35 4 9.5 No light 0 No control
P1-36 4 9.5 No light 0 No control
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Table 3.2 (Cont.) Pl membranes produced via LIDWPI methods. Each membrane
included 4 g PI.

Membrane | THF (g) | DMF (g) Light Dry-inversion | Humidity
Code Source (s)
P1-37 4 9.5 No light 0 No control
P1-38 4 9.5 IR 240 No control
P1-39 4 9.5 IR 240 No control
P1-40 4 9.5 IR 240 No control
Pl1-41 4 9.5 IR 240 No control
P1-42 4 9.5 IR 60 No control
P1-43 4 9.5 IR 120 No control
PI1-48 4 9.5 IR 60 35 % RH
PI1-49 4 9.5 IR 60 80 % RH
PI1-52 4 9.5 IR 60 80 % RH
PI1-53 4 9.5 IR 60 50 % RH
PI-54 4 9.5 IR 20 50 % RH
PI-55 4 9.5 IR 20 80 % RH
PI-57 4 9.5 IR 20 25 % RH
PI1-58 4 9.5 No light 0 80 % RH
PI1-59 4 9.5 IR 240 80 % RH
P1-60 4 9.5 No light 0 20 % RH
PI-61 4 9.5 IR 60 20 % RH
PI-63 4 9.5 IR 120 80 % RH
Pl-64 4 9.5 IR 60 80 % RH
P1-66 4 9.5 IR 60 80 % RH
PI1-68 4 9.5 IR 60 80 % RH
P1-69 4 9.5 IR 40 80 % RH
PI-70 4 9.5 No light 0 50 % RH
PI-71 4 9.5 IR 180 80 % RH
PI-72 4 9.5 IR 180
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Table 3.3 PI-ZIF-8 mixed matrix membranes produced via LIDWPI methods. Each
casting solution was prepared from 4 gr. Pl, 4 gr THF as volatile solvent, 9.5 gr
DMF as non-volatile solvent.

Membrane ZIF-8 Filler Light Source Dry- Humidity
Code (65 nm in size) inversion
(s)
M-PI-1 %3 annealed No Light 0 No control
M-PI-2 %3 annealed No Light 0 No control
M-PI-3 %3 annealed No Light 0 No control
M-PI1-4 %3 annealed IR 240 No control
M-PI-5 %5 annealed IR 240 No control
M-PI1-8 %5 non- IR 10 No control
annealed
M-PI-10 %10 non- IR 20 80% RH
annealed
M-PI-11 10% annealed IR 20 80% RH
M-PI-12 10% annealed IR 240 80% RH
M-PI-13 10% annealed IR 120 80% RH
M-PI-14 10% annealed IR 180 80% RH
M-PI-15 10% annealed No Light 0 80% RH
M-PI-16 10% annealed No Light 60 80% RH
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3.3 Experimental Results of PI Membranes Produced via LWDPI Method

Polymer used in this PHD work was changed because of several reasons listed

below;

e Despite all efforts the permeance of PES membranes could not exceed
60 GPU for Hz, 25 GPU for CO; and 15 GPU for CHa,

e The selectivity values could not exceed 2 unless PDMS coating. (The
experimental results were provided in Appendix A)

e Polyimide is more suitable and widely used polymer for high flux
asymmetric gas separation membrane fabrication especially

commercially available Matrimid (Clausi and Koros 2000).

Based on the Hansen Solubility of Matrimid with common solvents listed in
Table 5.9, DMF is a solvent for Matrimid but at the limit of solubility, because
Admatrimid-pmr =7.3. Moreover, the miscibility THF-DMF is also at the limit since
ASTHF-DMF = 8. ASTHF-water aNd Adwater-DMF values are quite high showing low
interaction between solvent and non-solvent, that property increases the coagulation
and phase separation rate (Chung and Kafchinski 1997). Nevertheless, the system
of Matrimid-THF-DMF-water was preferred instead of Matrimid-Acetone-NMP-
water system for membrane casting. Because this system is near its limit of
solubility or thermodynamic instability and closer position to phase separation
which provides a membrane layer with open pores and a thin selective layer. Several
authors (Aroon et al. 2010, Ismail et al. 2011, Clausi and Koros 2000) added non-
solvent into the casting polymer solution for this purpose. Furthermore, low
dissolving power promotes polymer-polymer interaction which leads to more-
tightly coiled conformation (Aroon et al. 2010).
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Table 3.4 Hansen solubility parameter difference (Ad) between polymer (PES)-
solvent (DMF)-co-solvent(Acetone)-quench medium(Water).

Chemicals dd(MPa®d) dn(MPa®d) dp(MPa%% | (MPa®)
Matrimid 18.7 6.7 9.5 22.01
(Dong et al.
2010)
THF (Dong et 16.8 8 5.7 19.46
al. 2010)
Acetone 15.5 6.9 104 19.9
Ad Matrimid THF | Acetone DMF Water
Matrimid - 4.44 3.3 7.3 34.24
THF 4.44 - 4.99 8.0 37.49
DMF 7.3 8.0 7.12 - 31.1
Water 34.24 37.49 33.2 31.1 -
Acetone 3.3 4.99 - 7.12 33.2
NMP 6.1 4,71 6.38 4.37 35.4
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3.3.1 Effect of THF/DMF Ratio on Membrane Morphology

SEM micrographs of asymmetric Pl membrane prepared from solution with
different THF/DMF ratio have been given in Figure 3.5 and the quantitative analyze
based on SEM images can be seen in Table 3.5. The dense skin layer and also finger
type pores of asymmetric Pl membrane were more distinctive compared to those of
asymmetric PES membranes prepared via LIDWPI method. The total Pl membrane
thickness varied in inversely proportional to the THF/DMF ratio in the casting
solution. The total membrane thickness increased from 160 pm to 240 pum
corresponding to the decrease in the THF/DMF ratio from 80% to 17.4%. The
percent increase in THF/DMF ratio from 17.4% to 42.2% led to increase in skin
layer thickness from 114 nm to 275 nm. When the THF/DMF ratio was 80% in the
casting solution, the detected skin layer thickness was nearly 656 nm. Change in
solvent ratio affected membrane performance and morphology by changing the
kinetics of phase change. The thermodynamic interaction between DMF and Pl is
weaker than that between THF and PI, while the miscibility of THF-water is weaker
than that of DMF-water. As the THF ratio in the solvent increased, the diffusion of
solvent into non-solvent slowed down, hence phase change delayed. As a result,
denser and thinner membrane layer was obtained. There are several researches
which support our findings and theory. Similar observation was also reported by
Aroon et al. 2010 whose suggested that the skin layer of PSF membrane increased
from 560 nm to 800 nm due to addition of THF into NMP-PSF solution with 15%.
Aroon et al. 2010 and Ismail and Lai 2003 attributed the thicker skin layer to
induction of the delayed liquid-liquid demixing due to existence of THF. Ismail and
Lai 2003 studied about properties of PSF membrane depending on
THF/DMAC/EtOH ratio in the casting solution. Since boiling point of THF is
considerably lower than both DMAC and EtOH, they assumed that only THF
removed from outermost region of casting film during dry inversion. Their
experience was perfectly match with our findings. The skin layer thickness of PSF
membrane increased with increase the amount of THF in the casting solution.
According to Ismail and Lai 2003, higher amount of THF led to high evaporation

rate which enlarged the region of elevated polymer concentration, thereby denser

119



and thicker skin layer was acquired. Clausi and Koros 2000 documented that the
skin layer of hollow fiber Matrimid extended from 760 A to 1430 A by increasing
THF content of the Matrimid/NMP solution from 5% to 10 % of the solution.

Table 3.5 Effect of THF/DMF ratio on the asymmetric Pl membrane morphology
prepared via LIDWPI method and exposed to 120 s IL.

Membrane
Code

Casting Solution
Composition
(Wt.%)

Total
Thickness

(nm)

Skin layer
Thickness

(nm)

Pore

Shape

PI1-13

34.3%THF-
22.9%PI-
42.9%DMF
(0.80 THF/DMF)

162.15+3.87

656+113

PI-11

22.9%THF-
22.9%pPI-
54.3%DMF
(0.42 THF/DMF)

201.33+1.41

27549.55

PI-12

11.4%THF-
22.9%pPI-
65.7%DMF
(0.17 THF/DMF)

240.47£1.91

114+2.79

Spongy

Finger
like

120
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Figure 3.5 SEM micrographs of PI membranes prepared from solution with
different THF/DMF ratio and exposed to 120 s IL for dry inversion; PI-13
(34.3%THF-22.9%PI1-42.9%DMF); PI-11 (22.9%THF-22.9%P1-54.3%DMF); PI-
12 (11.4%THF-22.9%P1-65.7%DMF)
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3.3.2 Effect of THF/DMF Ratio on Membrane Gas Separation Properties

The gas separation properties of asymmetric PI membranes, which have
been given in Table 3.6, were changed depending on THF/DMF ratio of casting
solution. The gas permeance of membrane decreased with increase in THF/DMF
ratio. Both CO2/CHa4 and H2/CHya ideal selectivity values increased with increase in
THF/DMF ratio, while H2/CO; ideal selectivity decreased slightly with increase in
THF/DMF ratio from 42.2% to 80%.

The morphological properties of membrane were compatible with gas
permeance properties of them. The membrane with largest skin layer thickness (PI-
13) has the lowest gas permeance and highest ideal selectivity values of Ho/CHa
and CO2/CHas. As the thickness of the selective skin layer increases, the resistance
against mass transfer also increases, hence lower permeance value is obtained. CO>
permeance of Pl membranes were measured 0.81 GPU, 2.55 GPU and 6.65 GPU
corresponding to the 80%, 42.2%, 17.4% THF/DMF ratio of casting solution,
respectively. Although the highest CO> permeance was detected as 6.65 GPU
belonging to membrane PI-12 and PI-16, the 17.4% THF/DMF ratio for casting
solution was not preferred in further research, since the corresponding CO2/CHa
ideal selectivity was only 3.43. 80% THF/DMF ratio (P1-13) was also eliminated
despite 42.63 CO2/CH4 selectivity, because of low permeance values. It was
decided to use solutions with a THF / DMF ratio of 42.4% in the further
experiments. Although Aroon et al. 2010 did not studied about THF/NMP ratio
systematically, but they also argued the decrease in CO, permeance with
enhancement in CO2/CHys selectivity of PSF membrane. When adding THF with
(1/3 = THF/NMP) ratio, the CO, permeance of PSF membrane decreased from 7.26
to 3.53 GPU while CO2/CH. ideal selectivity was enhanced from 4.43 to 7.67
compared to the membrane casted from neat NMP/PSF solution. According to
Aroon et al. 2010, THF effects the gas transport properties of membrane by three
ways. Firstly, THF hinders the formation of macro-voids. Secondly, THF induces
delay in liquid-liquid demixing which leads to denser selectivity layer. Finally,

evaporation of highly volatile THF results in rapid vitrification of polymer rich
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phase hence defect-free skin layer is formed. In our case, by increasing THF/DMF
ratio in the PI solution, we enhanced the effects of THF. Shieh and Chung 1998
inquired the effect of THF content of solution on O2 permeance of cellulose acetate
membrane, it was reported that the highest O, permeance observed at 20 wt.% THF,
then the permeance decreased gradually due to increase in THF content. This result
is compatible with our findings. Furthermore, Ismail and Lai 2003 detected lower
H> and O permeance of PSF membrane with increment in volatile solvent THF
amount in the casting solution. This is attributed to the inhibition of mass transfer
due to extra resistance of enlarged and densified skin layer by evaporation of THF.
Clausi and Koros 2000 corroborates both our findings and the other studies. They
induced that the O> permeance of Matrimid hollow fiber reduced from 19.9 to 9.2
GPU while O2/N2 enhanced from 5.6 to 7.4 corresponding to increase in the THF

content from 5% to 10% of the dope solution.
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3.3.3 Importance of Light Source

Two different light sources were used in LIDWPI method. One of them was

70 Watt incandescent lamp with 300-700 nm wave length. The other was the 250

Watt infrared light lamp with 750-1400 nm (Near Infrared range) wave length. The

electromagnetic spectrum range was provided in Figure 3.6. The differences in light

sources resulted in different amount of heat transfer to the casting film, hence the

amount of evaporated THF or increase in temperature of the casting polymer film

will be chanced based on light source.
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Figure 3.6 Electromagnetic Spectrum ("What is Full Spectrum Lighting?,” 2012)

The Amount of Heat from Lamps
AHvap-tHr = 443.77 jlg (Flick, 1998)
AHvap-omr = 641.59 j/g (Flick, 1998)

Assumption;

» All electrical energy given to the lamps was used in perfect efficieny.
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The Amount of Heat from Incandescent Lamp

The Luminous efficiency of incandescent lamp is not more than 2.6%

("Luminous efficacy,” 2017). For 70-watt incandescent lamp produced
70x0.02 = 1.4 Watts of light
70x0.98 = 68.6 Watts of heat

Since the percent of visible light is small its effect on heating was omitted. The

other assumption is that 68.6 J/s is transferred to the casting solution without loss.

The Amount of Heat from IR-Lamp

The IR-lamp provided heat to the object through electromagnetic radiation.
Assumption;
» Casting polymer solution behaves as blackbody.

Wien’s Displacement Law and Stefan-Boltzman Law can be used to estimate

transferred energy (Bergman, Dewit, Lavine, and A. S., Incropera, 2005).
Wien’s Law AT =C where C is 2898 um.K

T=2898 um.K /1.4 um = 2070 K

Stefan-Boltzman Law ~ Ep=c T* where o is 5.670x10°® W/m?K*

Eb = 5.670x10°8 (W/m?K*) x (2070)* = 1041033 W/m?

The exposed surface area of casting solution;

= x (10 cm)?/4 = 78.54 cm? = 7.85 x 1073

The obtained heat energy per second,;

= 1041033 W/m? x 7.85 x 10 m? = 8176.25 J/s

Based on these raugh estimation; for a few seconds IR exposure is sufficient
to evaporate all THF and DMF, whereas the heat of incandescent light can increase

the temperature of casting solution slightly.
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It is essential to note that calculations made in this section are very simple
and are based on several rough assumptions. However, it can be interpreted that the
energy obtained from infrared radiation is significantly higher than that of

incandescent light.

3.3.4 Effect of Light Source on Membrane Morphology

The SEM micrographs of asymmetric Pl membranes exposed different light
source during dry inversion have been provided in Figure 3.7. The thickness of
total membrane layer and skin layer of PI-11 were measured as 201.33+1.41 pm
and 275+9.55 nm, respectively, while those of PI-63 were measured as 190.22+1.1
um and 322+4.24 nm. Based on SEM investigation, using IR instead of IL resulted
in 10 um decrease in total membrane thickness while 50 nm increase in the
thickness of dense skin layer. In fact, such thickness differences can be seen even
in different region of the same membrane due to the complex nature of the dry-wet
phase inversion. However, according to my experience, this was not a coincidence.
IR exposure instead of IL promoted THF evaporation because of higher amount of
heat energy provided by IR. After IR exposure, denser polymer layer was
introduced to wet phase inversion, hence thinner and denser membrane layer was
obtained. The thickness of the selective dense skin layer increased proportionally

to the amount of THF evaporated.
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Figure 3.7 SEM micrographs of PI membranes exposed to 120 s IL (PI-11), and
exposed to 120 s IR (PI1-63). Both of them prepared from solution with 0.42
THF/DMF ratio.

3.3.5 Effect of Light Source on Membrane Gas Separation Properties

Table 3.7 has been shown the gas separation performance of asymmetric Pl
membranes exposed to 120 s IL or IR during dry inversion. Preference of IR instead
of IL led to percent decrease of 61%, 49% and 61% in Hz, CO2, CH4 permeance,
respectively while resulting in slightly enhancement in ideal selectivity values. The
reduction in permeance was attributed to the increase in the thickness of skin layer
of membrane approximately 50 nm (the percent increase was 17%) due to IR

exposure. The percent of increase in skin layer was significantly lower than that of
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decrease in permeance. This reinforced the prediction that the membrane probably
had the transition layer with closed pores, which showed additional resistance
against gas permeance. IR exposure enhanced the enlargement of this transition

layer.

In literature, there are no studies about accelerated dry phase change using
different light sources. However, many authors have reported that as the
evaporation rate of the volatile solvent increases, the skin layer thickness increases
and gas transfer values decrease (Ismail and Lai 2003, Zulhairun et al. 2014-b). For
example, Zulhairun et al. 2014-b flushed non-reactive gases such as N2 or He along
the surface of membrane with a certain period of time (dry-inversion period) and
with a certain flow rate. The purpose and the logic are the same; to promote
evaporation rate of solvent. They observed enlargement in skin layer, decrease in
CO2 permeance and enhancement in CO2/CHjy selectivity for membranes exposed
to higher convection flow rates. These findings are in harmony with our
observations, since the influence of the flow rate is similar to the effect of light
source or difference in the energy obtained from different light source.
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Table 3.7 Gas separation performance of neat Pl membrane depending on
difference in the light source. Each membrane was prepared from solution
%22.9%THF-22.9%P1-54.3%DMF (42.2% THF/DMF ratio). Exposure period was

Membrane Permeance (GPU) Ideal Selectivity
Code H2 CO, CHa Ho/CO2 | H2/CH4 | CO2/CHg4

P1-8-p1 10.31 | 2.21 | 0.143 4.67 72.10 15.45
P1-8-p2 11.98 | 2.48 | 0.167 4.83 71.74 14.85

— PI-8-p3 | 12.77 | 264 | 029 | 484 | 4403 | 9.10
S PI-10-pl | 12.29 | 2.85 | 0.138 | 4.31 | 89.06 | 20.65
< | PI10-p2 | 1217 | 272 | 014 | 447 | 8693 | 19.43
= PI-11-pl | 9.41 | 232 | 0.088 | 4.05 | 1069 | 26.36
PI-11-p2 | 12.24 | 263 | 021 | 465 | 5829 | 12.52
Average | 11.60 | 255 | 0.17 | 455 | 7558 | 16.91
PI-15-pl | 424 | 123 | 0.038 | 3.45 | 11158 | 32.37
PI-15-p2 | 453 | 12 | 0.042 | 3.78 | 107.86 | 2857
PI-19-pI | 577 | 1.87 | 0.068 | 3.09 | 8485 | 275
@ | PI19p2 | 516 | 1.54 | 0068 | 3.35 | 7588 | 22.65
S [ PI33-pl | 435 | 121 | 0.1 360 | 435 12.1
= PI-33-p2 | 388 | 114 | 006 | 3.40 | 64.67 19

Pl1-43-pl 424 | 1.15 | 0.040 3.69 107.34 29.11
PI-63-pl 419 | 1.16 | 0.094 3.61 44.57 12.34
Average 455 | 1.31 | 0.064 3.49 80.03 22.96

3.3.6 Effect of IR Exposure Period on Membrane Morphology

Figure 3.8 has been showing cross-sectional view of asymmetric Pl
membrane exposed to IR for 0, 20, 40, 60, 120 and 240 s in dry inversion at which
relative humidity was 80%. At first glance, the membranes exposed to IR for 0, 20,
40, 60 and 120 s had several common traits. The membranes were composed of two
types of pore types, namely finger like and spongy. The spongy pores became
smaller as they get closer to the dense skin layer. The finger type pores located just
behind the spongy pores under the dense skin layer. When the IR exposure period
reached 240 s, the finger type pores disappeared and the skin layer extended

significantly.
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The closer view of skin layers of these membranes have been given in Figure
3.9. The thickness of skin layer extended with increasing IR exposure period. The
pores of the transition layer were so small that they cannot be measured even at 50
000 magnifications. These pores were out of focus because of their nodular and
reticulated form. With the prolonged period of IR exposure, this transition layer

almost meshed with the skin layer.

The quantitative analyze based on these SEM micrographs has been
provided in Table 3.8. The thickness of skin layer was measured as approximately
70.5 nm for the membrane prepared without IR exposure. With increase in IR
exposure period, the skin layer thickness increased and exceeded 10 um for
membrane exposed to 240 s IR in dry inversion. The observation was compatible
with my expectation. Since the skin layer formation was associated with dry
inversion step and the amount of evaporated volatile solvent, by increasing the
period of dry inversion and enhancement of THF evaporation with IR exposure
thicker skin layer was obtained. This observation is also in agreement with the
results reported by Yuenyao et al. 2015 and Ismail et al. 2011. Yuenyao et al. 2015
suggested that by increasing evaporation time from 0 to 60 s, the skin layer
thickness of polysulfone membrane increased from 0.33 um to 8.5 pm. The total
thickness of membrane increased, spongy pores increased, number of finger like
and macro-pores were lowered due to longer evaporation time. Ismail et al. 2011
observed that the skin layer of membrane increased from 495.35 A to 709.16 A and
surface porosity decreased from 0.754 x 10 cm?/cm? to 0.346 x 10 cm?/cm? due
to increment in evaporation time from 8 seconds to 20 seconds. Both Yuenyao et
al. 2015, Ismail et al. 2011, and Ismail and Lai 2003 observed transition layer
formation. Both Koros and Ismail groups investigated effects of forced-evaporation
time interval. The prolonged evaporation time might remove plenty of volatile
solvent, thereby densified polymer region enlarged which led to nascent and thick
skin layer. This densified layer shows resistance against solvent-nonsolvent
exchange during wet phase inversion. Consequently, delayed liquid-liquid
demixing arises. Hence, thicker skin layer, reduction in porosity, closed pores are

observed. Probably, the reason of this transition zone with closed and tiny pores
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arises from the resistance of solvent-nonsolvent exchange applied by densified

polymer region.

For our membranes, the thickness of transition layer oscillated between 10
and 15 pm, and it was not possible to establish a relationship between transition
layer thickness and IR exposure period. When the IR exposure period reached 240
s, the transition layer meshed with the skin layer. The total thickness of membrane
increased with IR exposure period up to 60 s and then decreased with further
increase in the IR exposure time. When the IR exposure period reached to 240
seconds, the measured total membrane thickness was approximately 127 um. The
decrease in the total membrane thickness with IR exposure is expected, because
evaporation of solvent resulted in denser polymer layer. In addition, denser polymer
layer led to thicker skin layer and support layer with small pores. Nevertheless, the
increase in total membrane thickness up to 60 s IR exposure indicated that there are
several factors other than IR exposure that influence membrane morphology. When
the IR exposure period is short, these factors cannot dominate each other and
fluctuation in thickness was observed. The temperature differences between
polymer and quenching bath can be given as an example for factors affecting
morphology other than IR exposure period. Because of temperature difference
between DMF and quench medium, higher diffusion might take place during wet
quenching and larger pores might lead to larger membrane layer. In addition,
thermally expanded polymer film may have formed volumetrically larger
membrane layer. When the IR exposure period exceeded to 60 seconds, IR effect
became dominant and expected result for example larger skin layer and thinner total

layer can be observed.
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Figure 3.8 SEM micrographs of asymmetric Pl membranes prepared via LIDWPI
method and exposed to IR for 0 s (PI-58), 20 s (PI-55), 40 s (P1-69), 60 s (P1-68),
120 s (P1-63), and 240 s (PI-59) in dry inversion step at which relative humidity
was 80%.
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Figure 3.9 SEM micrographs of skin layer of asymmetric PI membranes prepared
via LIDWPI method and exposed to IR for 0 s (P1-58), 20 s (PI-55), 40 seconds (PI-
69), 60 s (P1-68), 120 s (P1-63), and 240 s (PI-59) in dry inversion step at which
relative humidity was 80%.
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Table 3.8 Effect of IR exposure period on morphological properties of the
asymmetric Pl membranes. Each membrane was prepared from solution
%22.9%THF-22.9%P1-54.3%DMF (42.2% THF/DMF ratio).

Membrane IR Total Transition | Skin layer Pore

Code exposure Thickness Layer Thickness | Shape
period (S) (um) Thickness (nm)
(um)

P1-58 0 169.48+1.85 | 9.65+1.33 70.5 £8.5 | Spongy
PI1-55 20 198.12+1.45 | 15.20+£1.92 | 247.9 +48.9 +
P1-69 40 227.12+1.47 | 14.12+1.17 | 195.5+21.5 | Finger
P1-68 60 198.16+1.63 | 10.12+1.26 | 289.9+50.3 | like
P1-63 120 190.22+1.10 | 15.37+£3.58 | 322+4.24
P1-59 240 127.26+1.49 - 10000+ 579 | Spongy

3.3.7 Effect of IR Exposure Period on Membrane Gas Separation

Properties

The gas test performances of the neat PI membranes depending on IR
exposure period are listed in Table 3.9. In literature dry inversion step does not took
more than 2 minutes. However, we elongated the dry-inversion step up to 240 s.
The main aim is to rigidified the skin layer and fix ZIF-8 particles prior to wet
inversion step which can be achived solely longer IR exposure. When IR exposure
period exceeded 60 s, the gas permeance values decreased with prolonged IR
exposure. On the other hand, when the IR exposure was less than 60 s, the
membrane permeance sharply increased with IR exposure and then decreased
slightly. For the case that IR exposure period was less than 10 seconds, the H>
permeance increased from 3.70 GPU to 8.51 GPU, CO> permeance increased from
1.08 GPU to 2.44 GPU and CH4 permeance increased from 0.038 GPU to 0.13 GPU
with slight decline in CO2/CHa4 and H2/CHys ideal selectivity from 30.66 to 20.74

and from 104.56 to 72.16, respectively.

The oscillation in gas permeance for the membranes exposed to IR between

0 and 60 s may arise from the fact that there are more than one parameter affecting
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on phase inversion. Temperature, humidity, dry inversion period, volatile solvent
evaporation amount and rate, interaction between chemicals are some of the
parameters. When exposed to IR, the THF in the membrane solution evaporated to
form a denser skin layer, thereby low permeance membranes formation have been
enhanced. On the other hand, the temperature of the casting solution increased due
to IR exposure. The temperature difference between non-solvent bath and solvent
(DMF and THF) in the polymer solution contributed to faster solvent-nonsolvent
exchange, which enhanced formation of highly permeable membrane and also open
and larger pore formation. In the literature, it has been reported by many studies
about effect of higher external coagulation medium on membrane properties. Chou
and Yang 2005 suggested that higher temperature promoted molecular mobility,
increased the solvent-nonsolvent exchange rate, thereby phase separation
accelerated. Finally, higher permeance, larger and open pores structure were
obtained. Chung and Kafchinski 1997 argued that the temperature of coagulation
which is higher than room temperature results in increase in both solubility and
diffusivity. Since the enhanced solubility, the decomposition line shifts to the
polymer-coagulant axes in the ternary phase diagram and delayed decomposition
will be promoted. On the other hand, higher bath temperature facilitates rapid phase
separation by lowering the viscosity, chain rigidity and surface tension. There is no
study about membrane formation with casting polymer solution at higher
temperature. However, | think that since the positive effect of temperature on
molecular mobility is still valid, faster phase separation may create highly
permeable membrane with open pores as suggested by Chou and Yang 2005. When
the IR exposure was less than 60 seconds, these parameters may not surpass to each

other and may lead to oscillation in permeance of membrane.
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Table 3.9 Effect of IR exposure period on gas separation properties of the
asymmetric Pl membranes. Each membrane was prepared from solution

%22.9%THF-22.9%P1-54.3%DMF (42.2% THF/DMF ratio).

Membrane Permeance (GPU) Ideal Selectivity
D Code H> CO; CH4 H2/CO2 | CO2/CH4 | H2/CHg4
a2
Pl-22-pl 451 1.32 0.061 3.42 21.64 73.93
Pl1-22-p2 4.86 1.41 0.051 3.45 27.65 95.29
P1-28-pl 2.82 0.83 0.02 3.40 41.5 141
Pl-28-p2 2.12 0.62 0.022 3.42 28.18 96.36
P1-29-pl 2.62 0.77 0.019 3.40 40.53 137.90
P1-29-p2 2.4 0.72 0.02 3.33 36 120
PI1-30-pl 3.15 0.93 0.059 3.39 15.76 53.39
o P1-30-p2 3.21 0.94 0.041 3.41 22.93 78.29
Pl-34-pl 4.79 1.36 0.065 3.52 20.92 73.69
P1-34-p2 411 1.2 0.031 3.43 38.71 132.58
PI1-35-p1 4.38 1.3 0.044 3.37 29.55 99.55
PI1-35-pl 4.06 1.17 0.033 3.47 35.45 123.03
P1-36-pl 3.59 1.1 0.03 3.26 36.67 119.67
PI1-36-p2 4.38 1.29 0.038 3.40 33.95 115.26
PI-37-pl 4.45 1.25 0.041 3.56 30.49 108.54
Average 3.70 1.08 0.038 3.41 30.66 104.56
Pl-14-p1 8.45 2.46 0.14 3.43 17.57 60.36
Pl-14-p2 9.27 2.58 0.19 3.59 13.58 48.79
2| Pl-21-p1 9.37 2.75 0.1 3.41 27.5 93.7
Pl-21-p2 6.95 1.97 0.081 3.53 24.32 85.80
Average 8.51 2.44 0.13 3.49 20.74 72.16
P1-26-pl 4.34 1.26 0.044 3.44 28.64 98.64
o| PI-26-p3 6.48 1.85 0.12 3.50 15.42 54
1 PI-32-p1 | 3.78 1.09 0.03 3.47 36.33 126
Average 4.87 1.4 0.065 3.47 26.80 92.88
PI1-20-pl 6.45 2 0.088 3.225 22.73 73.30
P1-20-p2 7.62 2.21 0.32 3.45 6.91 23.81
o| Pl-24-p2 6.55 1.85 0.063 3.54 29.37 103.97
S PI-25-p1 8.2 2.27 0.22 3.61 10.32 37.27
Pl1-25-p2 7.5 2.19 0.17 3.42 12.88 44.12
Average 7.26 2.10 0.17 3.45 16.44 56.49
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Table 3.9 (Cont.) Effect of IR exposure period on gas separation properties of the
asymmetric Pl membranes. Each membrane was prepared from solution
%22.9%THF-22.9%P1-54.3%DMF (42.2% THF/DMF ratio).

Membrane Permeance (GPU) Ideal Selectivity
D Code H» CO; CHa4 H2/CO2 | CO2/CH4 | H2/CHg4
22
Pl-31-pl 6.92 1.98 0.1 3.50 19.8 69.2
PI1-31-p2 7.19 1.99 0.15 3.61 13.27 47.93
S| Pl-42-p1 5.93 1.67 0.09 3.55 18.56 65.89
Pl-42-p2 6.72 1.88 0.096 3.57 19.58 70
Average 6.69 1.88 0.109 3.56 17.80 63.26
Average of
PI-15, PI-
S| pras pivs| 455 | 131 | 0064 | 349 | 2296 | 80.03
see Table
3.9
P1-38-p1 1.55 0.42 0.015 3.69 28 103.33
P1-38-p2 1.37 0.37 0.0096 3.70 38.54 142.71
o P1-39-p1 2.95 0.99 0.034 2.98 29.12 86.76
S| PI-39-p2 1.21 0.3 0.0096 4.03 31.25 126.04
P1-40-p1 1.53 0.42 0.02 3.64 21 76.5
Pl-41-p1 1.2 0.3 0.0096 4 31.25 125
Average 1.635 | 0.47 0.0163 3.67 29.86 110.06

With exceeding the 60 seconds in IR exposure period, the gas permeance
decreased gradually. The longer evaporation with IR contributed to thicker
membrane layer formation and dominated the other parameters affecting membrane
permeance. By increasing exposure time from 60 s to 240 s, H> permeance
decreased from 6.69 GPU to 1.64 GPU, CO, permeance decreased from 1.88 GPU
to 0.47 GPU and CH4 permeance decreased from 0.109 GPU to 0.0163 GPU. The
percent of decrease in permeance was 75% for CO> and H» and 85% for CH4. The
determination about decrease in permeance due to elongated IR exposure period is
compatible with findings about decrease in permeance with longer evaporation time
reported in literature. Ismail et al. 2011 observed that the O» permeance of
polyethersulfone asymmetric membrane decreased from 10.32 to 7.30 GPU while

O2/N: selectivity increased from 5.12 to 11.79 when the evaporation time in dry
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inversion step was prolonged from 8 s to 20 s. According to Ismail et al. 2011, by
increasing the evaporation time the most of the volatile solvent will evaporate and
more nascent skin layer will be formed. The higher amount of loss of solvent shifts
the solution from phase boundary to the miscible region which tends to form denser
and thicker skin layer. This claim is perfectly agreement with our findings about
change of the morphological and permeance properties of our Pl membranes.
Zulhairun et al. 2014-b documented that reduction in CO2 permeance from 71.13
to 20.02 GPU due to increase in the evaporation period from 1.02 seconds to 2.54

seconds.

3.3.8 Effect of IR Exposure Period with Humidity Control Membrane Gas

Separation Properties

The effect of relative humidity of environment during dry inversion period
has been examined and two different trends have been observed. The gas test results
have been listed in Table. 3.10.

When the membrane prepared without IR exposure and dry inversion period
was very short (0 second PI-60, PI-70 and PI-58), the membrane permeance
increased with increasing relative humidity. By increasing the relative humidity
from 20% to 80%, the H> permeance increased from 3.72 to 8.34 GPU, CO>
permeance increased from 1.1 to 2.75 GPU and CH4 permeance increased from
0.048 to 0.12 GPU. There are two possible explanations of this trend. Firstly,
because these membranes were not exposed to dry phase inversion, the polymer
layer forming the selective skin layer was not yet able to densify sufficiently.
Thereby, thinner and elastic skin layer formed which enhanced the permeance.
Secondly, at high relative humidity, the condensed water vapor on the casting film
caused to phase separation of the skin layer before wet phase inversion step, hence

thinner or even porous skin layer was obtained.
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Table 3.10 Effect of IR exposure period and also humidity on gas separation
properties of the asymmetric Pl membranes. Each membrane was prepared from
solution %22.9%THF-22.9%P1-54.3%DMF (42.2% THF/DMF ratio).

- | IR (s) Code Permeance (GPU) Ideal Selectivity
% H» CO2 CHs | H2/CO2 | CO2/CH4 | H2/CHa4
IS
5
e
0 PI1-60-p1 | 3.73 1.1 | 0.048 3.39 22.92 77.71
X PI-60-p2 | 3.71 1.1 | 0.033 3.37 33.33 112.42
I 20 PI-57-p1 | 6.42 1.89 | 0.056 3.40 33.75 114.64
60 PI-61-p1 | 1344 | 281 | 0.45 4,78 6.24 29.87
- O | PHO-pL 1 578 | 081 | 0095 | 343 | 853 | 29.26
3 20 PI-54-p1 54 1.44 0.1 3.75 14.47 54.27
60 PI-53-p1 | 5.17 | 1.42 | 0.066 3.64 21.52 78.33
0 PI-58-p1 | 834 | 2.75 | 0.12 3.03 22.92 69.5
PI-58-p2 | 9.69 | 2.72 | 0.31 3.56 8.77 31.26
20 PI-55-p1 | 4.05 | 1.15 | 0.047 3.52 24.47 86.17
o 60 PI-49-p1 | 575 | 1.62 | 0.19 3.55 8.53 30.26
:’c0> PI-68-p1 | 7.79 | 239 | 0.11 3.26 21.73 70.82
90 PI-72-p1 | 4.33 | 1.16 | 0.047 3.73 24.68 92.13
120 PI-63-p1 | 4.19 | 1.16 | 0.094 3.61 12.34 4457
180 PI-71-p1 | 2.12 | 0.55 | 0.018 3.85 30.56 117.78
240 PI-59-p1 | 1.29 | 0.37 | 0.012 3.49 30.83 107.5

When the IR exposure period 20 s, by increasing the relative humidity from
29% to 80%, the H2 permeance decreased from 6.42 to 4.05 GPU, CO; permeance
decreased from 1.89 to 1.15 GPU and CH4 permeance decreased from 0.056 to
0.047 GPU. Similar observation was also carried out by Clausi and Koros 2000. By
increasing the air gap humidity from 15% to 65-70%, the O, permeance decreased
from 16.4 to 15.7 GPU and He permeance decreased from 231.8 to 197.3 GPU.

The experiment of Gao et al. 2009 is conflicted with Clausi and Koros 2000.
On the other hand, their suggestion is perfectly interpretive for our observation
about humidity effect at 0 s IR exposure. When the initial casting solution exposed
to humid atmosphere during dry inversion, the driving force for net diffusion of
non-solvent water into polymer film and accumulation of water in the polymer

solution would be promoted, thereby fast phase inversion and thin skin layer would
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be obtained. The water flux of the produced membrane at higher relative humidity
would be higher than that of membrane produced at lower relative humidity.
Kapantaidakis and Koops 2002, is the other authors who observed increase in
permeance of membrane due to exposure of higher humidity during evaporation
period. They are also ascribed this phenomenon via fast phase separation due to

water penetration into polymer solution.

The opposite trends for 0 s and 20 s IR exposure would be originated from
IR exposure and evaporation period. For 20 seconds IR exposure, high relative
humidity led to diminish both evaporation rate and the amount of evaporated THF.
This enhanced the delay in dry-phase inversion. Moreover, because of hindered
evaporation of THF, the casting solution run into wet phase inversion step with
higher amount of THF than estimated. It is known that the co- solvent such as THF
enhanced delayed demixing phase separation which created denser and low
permeability membrane. The higher relative humidity in the casting environment
may contribute the formation of larger and flexible pores structure resulting in
decrease in selectivity. According to our experience, closed and small pores affect

the selectivity of membranes (see Chapter 4).

When the IR exposure period reached to 240 seconds, the permeance of
membranes prepared at 80% relative humidity and prepared without humidity
control were very close to each other. Hence it was suggested that longer IR
exposure duration suppressed the effect of humidity. The difficulty in drawing a
conclusion about effect of humidity when the IR exposure period was short arisen
from the competition of evaporation period and relative humidity factors which is
also argued by Gao et al. 2009.

3.3.9 Effect of ZIF-8 loading on Membrane Morphology

Figure 3.10 showed the SEM micrographs of mixed matrix Pl membranes
prepared with 10% ZIF-8 loading. The incorporation of ZIF-8 resulted in thicker
skin layer. Moreover, skin layer and transition layer merged, hence it was not
possible to measure a distinct skin layer thickness. By incorporation of ZIF-8,

formation of finger like pores were suppressed. For MM-PI-12, the total thickness
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of membrane was measured as 128.65+1.11 pm while the skin layer was measured
approximately 17.25+2.23 pm. For 240 seconds IR exposure, the total membrane
thickness was the same for both mixed matrix Pl and neat PI. However, the
existence of 10% ZIF-8 in the casting solution contributed to increase in skin layer
thickness from 10 um to 17 um. The reason might be the higher viscosity of casting
solution due to existence of ZIF-8s. According to my experience, the addition of
ZIF-8s into casting polymer solution led to higher viscosity. Increase in viscosity
due to addition of fillers into polymer solution and probable effects of higher
viscosity on membrane formation kinetics were investigated by several researchers
(Majeed et al. 2012, Mollahosseini et al. 2012, Yang et al. 2007, Li et al. 2009).
The additional effects of ZIF-8 loading are the rigidification of polymer chain and
increasing in packing density of polymer. The casting solution with higher viscosity
and denser polymer reinforced delayed-demixing during wet phase inversion,
thereby thicker and denser membrane layer was obtained.
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Figure 3.10 SEM micrographs of skin layer of asymmetric mixed matrix Pl
membranes prepared via LIDWPI method and exposed to IR for 240 s.
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3.3.10 Effect of ZIF-8 loading on Membrane Gas Separation Performance

The gas separation performance of mixed matrix-Pl membranes has been
given in Table 3.11. The percent of decrease in gas permeance for each gas was
more than 60% in mixed matrix PI membranes including 10% ZIF-8 compared to
the neat PI membranes prepared with the same casting condition. Since the ZIF-8
permeability is higher than that of PI, the expectation was the improving in gas
permeance due to ZIF-8 loading. However, the morphological variation due to ZIF-
8 loading is compatible with diminishment in permeance. ZIF-8 loading led to
decrease in permeance by several ways. Firstly, ZIF-8 loading created thicker
selective layer which is the strong resistance against mass transfer. Secondly
polymer chain rigidification and denser packing because of existence of ZIF-8
reduced the permeance. As reported in Chapter 5, ZIF-8 loading in PI also led to
decrease in the free-volume of polymer which is known as an important factor
enhance permeance. The ideal selectivity of H2/CO, and H2/CH4 were detected
larger than the intrinsic ideal selectivity of Pl which is a strong evidence of that the
mixed matrix membrane has different intrinsic gas separation properties than neat
PI. Another factor effecting selectivity is the increased tortuosity because of porous
nature of ZIF-8. The tortuous path has hindered the transfer of larger molecules (for
example CH4 and COz) more than the transfer of smaller molecules (for example
Hy).

Our experimental results are inconsistent with both our expectations and
findings in the literature. Since the CO2 and CH4 permeance of ZIF-8 are higher
than PI, materials of incorporation of ZIF-8 and PI should have permeance higher
than that of PI and lower than that of ZIF-8. Furthermore, Ordenez et al. 2011
prepared ZIF-8/Matrimid dense mixed matrix membrane. For 40 wt.% ZIF-8
loading, permeability of CO> rised from 9.52 to 24.55 Barrer, while CO2/CHjs4
selectivity decreased from 40 to 28. According to this study, 40 wt.% ZIF-8 addition
to Matrimid increased the distance between polymer chain and free volume, thus
promoted the permeability of gases. For 50 wt.% ZIF-8 loading, permeability of

CO2 decreased from 9.52 to 4.72 Barrer, while CO2/CHa selectivity increased from
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40 to 94. In this case, loading of ZIF-8 higher than %40 reduced the available

polymers which constrains gases pass through tortuous path of around ZIF-8.
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3.4 Conclusion

The effect of electromagnetic radiation heating during dry-inversion,
THF/DMF ratio in the casting solution and ZIF-8 loading on the properties of
asymmetric Pl membranes have been demonstrated. The following conclusions can

be drawn.

» By increasing THF/DMF ratio from 0.17 to 0.82, the thickness of skin layer
enlarged from 114 nm to 656 nm.

» CO:zpermeance of Pl membranes were measured 0.81 GPU, 2.55 GPU and
6.65 GPU corresponding to the 0.80, 0.42, 0.17 THF/DMF ratio of casting
solution, respectively. Although the highest CO2 permeance was detected as
6.65 GPU when the THF/DMF ratio was 0.17, this composition was not
preferred in further research, since the corresponding CO2/CHa ideal
selectivity was only 3.43.

» Heat for evaporation in dry inversion was supplied from two different light
source and the difference in light source has a significant effect on
membrane gas transport properties. The effect on morphology is
significantly lower, hence using IR instead of IL led to increase in skin layer
thickness only 50 nm. On the other hand, IR instead of IL resulted in 61%,
49% and 61% percent of decrease in Hz, CO2, CH4 permeance, respectively
with slightly improvement in ideal selectivity values.

» By increasing IR exposure period from 0 to 240 seconds, the skin layer
thickness increased from 70 nm to 10000 nm. When the IR exposure period
reached 240 seconds, all finger-like pores disappeared and only spongy
pores were observed in support layer.

» When the IR exposure period was less than 10 seconds, the membrane
permeance sharply increased from 3.70 to 8.51 GPU for H», from 1.08 to
2.44 for CO., and from 0.038 to 0.13 GPU for CHa, with respect to that of
membrane prepared without IR exposure. Further increase in IR exposure
led to lower gas permeance.

» The humidity of the dry-inversion environment promoted higher permeance
values when the IR exposure period less than 10 seconds. At higher IR
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exposure period, increasing in relative humidity led to lower permeance.
When the IR exposure period exceeded 120 seconds, the effect of humidity
went down.

ZIF-8 loading promoted the formation of thicker skin layer. The gas
permeance values decreased more than 60% corresponding to 10% ZIF-8

loading.
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CHAPTER 4

ASYMMETRIC NEAT PI MEMBRANES AND ASYMMETRIC
P1/ZIF-8/PNA MIXED MATRIX MEMBRANES BY LIGHT INDUCED
DRY-VAPOR-PHASE INVERSION

The main focus of this chapter was analysing the morphological and gas
transport properties of PI membranes prepared by IR and IL light induced dry-vapor
phase inversion method. Effect of pNA and ZIF-8 loading on membrane properties
were also investigated besides the effects of IR exposure period and vapor phase
inversion method (VIPS). This chapter of the study is a work that will be the pioneer

in the literature in many ways;

» The Pl membranes produced in this study are the first gas separation
membranes prepared by vapor phase inversion method.

» Unlike the other studies about VIPS, the VIPS period was not followed by
wet gquenching step, in this study. Therefore, the effects of the VIPS method
could be examined without the shadow of the possible effects of the wet
quenching method.

» This is the first study, in which mixed matrix membrane made up of ternary
P1/ZIF-8/pNA component was produced by VIPS in asymmetric structure.

» This is the first study in literature in which light induced dry inversion step

was used prior to VIPS.

4.1 Theoretical Background about VVapor Phase Inversion

Vapor induced phase separation (VIPS) is a way to initiate phase separation
and involves dry and wet phase inversion steps. In this method, casting polymer
solution is exposed to water (or non-solvent) vapor for a certain period of time prior
to wet phase inversion step. Generally, researchers preferred high boiling point
solvent to suppress evaporation of nonsolvent and to preference non-solvent inflow

during VIPS. Since transfer of non-solvent vapor into casting polymer solution is
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slow this process is a very slow process compared to NIPS. Thus, VIPS provides
an opportunity to control membrane morphology and porosity by manipulating the
relative humidity, air flow rate, air temperature, non-solvent vapor exposure period
(Khare et al. 2005) and also to prepare super-hydrophobic surface (Su et al. 2009).
On the other hand, phase inversion by NIPS is very fast process and generally
membrane formation occurs in a few second. This fast process makes impossible to
observation of phase separation Kinetics. Besides it is possible to monitor the phase

separation (Lee et al. 2004).

The differences from the thermodynamics point of view between VIPS and
NIPS are not being interpreted clearly yet because thermodynamic status of all the
components are the same in both VIPS and NIPS methods. Besides, the activity of
water in vapor phase is similar to that in liquid phase. The divergence in structure
of membranes produced by these two different methods was attributed to kinetic
factors rather than differences in thermodynamics (Caquineau et al. 2003, Park et
al. 1999), for example time required to increase non-solvent content of casting
solution. Caquineau et al. 2003; Su et al. 2009; Menut et al. 2008; Tsai et al. 2006
and Lee et al. 2004 claimed that increase in water (non-solvent) content of polymer
film is mainly because of the hygroscopicity of NMP (solvent). With acceptance of
this claim, | have another idea based on my experience and observation. In our
laboratory, two different polymer PES and PI were dissolved by using same solvent.
It was observed that formation duration of PES membrane was shorter than that of
Pl membrane despite using the same solvent, relative humidity, temperature and
production method, VIPS. Besides, another research carried out in our laboratory,
it was observed a decrease in phase change period with an increase in the PES
content of PI-PES blend casting solution. This is related to higher hygroscopicity
of PES compared to Pl polymer. Since PES has sulfonated group. Hence,

hygroscopicity of polymer is also important.

Wang et al. 2000 is another research group who support the idea that non-

solvent inflow into casting solution is mainly due to hygroscopicity of solvent. They
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produced PS membrane with cellular surface pores via VIPS. Hydrophilic additive
such as acetic acid was added to cyclohexane-PS polymer solution to promote water
vapor non-solvent inflow since hydrophobic solvent cyclohexane does not let water
diffusion into casting solution. However, addition of acetic acid for toluene-acetic
acid- PS system was not sufficient to form cellular surface pores. Authors explained
this phenomenon by water tolerance of toluene-PSF solution. Wang et al. 2000
determined binodal curve of the water-solvent-additive-polymer system by titrating
polymer solution with water. According to their observations, systems with less
water tolerance (small amount of water required to reach cloud point) are easy to
phase separate resulting in cellular surface pores and surface emulsion drops. In
light of this knowledge, it is possible to interpret that position of binodal curve,
stability or demixing gap of the polymer-solvent-nonsolvent system influence

initiation of VIPS in addition to the hygroscopicity of solvent or additive.

Typical morphology (polymer-lean + polymer rich phase) of VIPS
membrane indicates the liquid-liquid phase separation (Caquineau et al. 2003). As
explained in Chapter 4 part 4.0, there are two possible ways of phase separation of
polymer solution; namely spinodal decomposition (Figure 2.5 path 2-2) and
nucleation-and-growth (Figure 2.5 path 2-1 or path 2-3). When the polymer solution
follows path 2-2, phase separation occurs in un-stable region which is specified by
spinodal curve. This type of phase separation is called spinodal decomposition and
results in bi-continuous interconnected pores. Spinodal decomposition may also
observed even if polymer-solvent-nonsolvent system crosses slowly metastable
region near the critical point. In spinodal decomposition, phase separation occurs
via concentration fluctuation rather than nucleation-and-growth and two continuous
phase with a characteristic periodic interphase distance obtained as depicted in
Figure 4.1-A (Nunes and Inoue 1996, Ren and Wang 2010). When the polymer
solution follows path 2-1 or 2-3, phase separation occurs in metastable regions
which are the area between spinodal curve and binodal curve. This type of phase
separation is called nucleation-and growth and results in cellular isolated pores
embedded in polymer matrix as depicted in Figure 4.1-B. NG, which is a slow

process, leads to formation of dispersed nuclei and these dispersed nuclei become
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stable as long as activation energy of nucleation formation is higher than their
surface free energy (Nunes and Inoue 1996, Ren and Wang 2010).

\ R,

N

Figure 4.1 (A) Bi-continuous structure usually detected in system following
spinodal decomposition (modified from Nunes and Inoue 1996). (B) dispersed
nuclei structure usually observed in system following binodal decomposition (i.e.
nucleating and growth) (modified from Wang et al. 2000).

In general admission, the interconnected porous structure is formed by
spinodal decomposition and the closed pores are formed by the nucleation and
growth mechanism. Nevertheless, open porous structure can be formed due to the
coalescence of droplets of the polymer-lean phase in nucleation and growth
mechanism. On the other hand, loss of interconnectivity in spinodal decomposition
is observed when coarsening happens because of the interfacial tension between the
polymer-rich and polymer-lean phases (Chae Park et al. 1999, Nunes and Inoue
1996, Su et al. 2009). Thus, it is not possible to distinct these two mechanism just
based on morphological analysis. Hence, researchers used different procedures to
differentiate of phase separation mechanisms, one of them is measurements by
dynamic light scattering intensity. The characteristic fingerprints of light scattering
patterns of spinodal decomposition and nucleation-and-growth mechanism are
presented in Figure 4.2-A and 4.2-B, respectively. Spinodal decomposition is

identified with a maximum in the angular variation, while the feature of nucleation-
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and-growth is continual decline of scattered light intensities with increasing angles
(Liu and Kiran 1999).

A A

Is

7))
—_

q q

Figure 4.2 (A) Scattering light intensity (Is) with respect to wave angle (q) during
spinodal decomposition. (B) Scattering light intensity (Is) with respect to wave
angle (q) during nucleation and growth (Liu and Kiran 1999).

There are two different opinions in the literature as to what is the phase
separation mechanism during VIPS. According to Caquineau et al. 2003; Menut et
al. 2008; Han and Bhattacharyya, 1995; Chae Park et al. 1999; characteristic
morphological properties of membranes via VIPS, which is cell-like structure, is
attributed to nucleation-and-growth mechanism by coalescence coarsening.
Because nucleation-and-growth mechanism is coherent with the slowness of non-
solvent diffusion into casting polymer solution. Besides, isolates polymer-lean

phase spheres are another characteristic of nucleation and growth mechanism.

Lee et al. 2004 is the first research group who proved that the phase
separation could occur via spinodal decomposition in VIPS. Authors supported
their claim with a mathematical model and also small angle light scattering data.
There are two criteria of being in unstable region in which spinodal decomposition
is likely to occur. First of all, free energy of mixing should be positive and second
derivative of free energy of mixing should be negative (Favvas and Mitropoulos
2008; Lee et al. 2004). The Flory—Huggins form of the free energy of mixing and
the second derivative of this term were calculated as positive and negative
respectively in this research. Hence authors proved that spinodal decomposition
mathematically. Lee et al. 2004 proved the spinodal decomposition by measured

scattered light intensity. Polymer solution exposed to nonsolvent vapor presented
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scattered light intensity which go through maximum and show a typical diffraction
halo pattern with respect to angle. This type of behavior is a typical characteristic
of spinodal decomposition according to Cahn Linear theory (Lin and Kiran 1999).
Despite their proof, the morphology of membranes is consistent with characteristic
structure of nucleation-and-growth phase separation rather than spinodal
decomposition. The incompatibility between morphology and phase separation
mechanism is explained by Kuo et al. 2005. According to their assertion, due to
coarsening, bi-continuous structure turns into cellular pores. (As explained
previously, coarsening may occur after spinodal decomposition to reduce the
interfacial energy between polymer rich and polymer lean phases (Nunes and Inoue
1996; Chae Park et al. 1999; Su et al. 2009)).

Su et al. 2009 and Peng et al. 2013 who showed that VIPS was capable to
bring the solution to spinodal decomposition, which leads to transient bi-continuous
structure later turn into cellular pores. In their studies, VIPS period or exposure
duration of non-solvent vapor is very short (less than 1 min for Peng et al. 2013).
After short period of non-solvent vapor exposure was followed by wet quenching.
In my opinion, such a short vapor-exposure duration is sufficient to begin phase
separation at the upper surface and to densify a polymer layer at upper part, but not
sufficient to designate the final membrane structure. During quenching, fast
solvent-nonsolvent interchange and strong activity of nonsolvent determine the
final structure of membrane. Spinodal decomposition and its characteristic
membrane morphology is a natural result of wet quenching. Han and
Bhattacharyya, 1995 also asserted that when non-solvent vapor exposure followed
by wet quenching, preformed morphology of membrane changed due to fast

demixing during wet quenching and nodular structure might be observed.

Tsai et al. 2006 are another authors who observed spinodal decomposition.
Tsai et al. 2006 was also used liquid water to obtain final membrane structure. But
for some experiment, unlike the other researchers, Tsai et al 2006 used liquid
nitrogen to fix the structure of membrane just after water vapor exposure. They

observed both bicontinuous structure and cellular structure depending on relative
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humidity and exposure time of humidity. When the humid air exposure time was
long enough, cellular structure was observed and this phenomenon was explained
by coarsening of bicontinuous structure. Tsai et al 2006 also approved that the
structure formed in the air gap would then further develop into its final form in the
coagulation bath. Gelation of polymer rich phase after VIPS effects membrane
morphology with different ways. Gelation of polymer rich layer hinders the fast
solvent-nonsolvent exchange rate during wet quenching. Hence macrovoids
suppression is observed. Bicontinuous pore structure is another effect of gelation.
Gelation of polymer rich phase inhibits coarsening in the coagulation bath, hence
bicontinuous structure formed during VIPS are preserved. Further increase in
humidity exposure period leads to reoccurrence of macrovoids because gel layer is
disappearing due to relaxation of polymer for longer time period and cannot inhibit

coarsening anymore.

Generally, membranes produced via VIPS have symmetric cellular porous
structure. The sharp concentration and activity gradient of nonsolvent, solvent and
polymer across the polymer solution creates asymmetric structure, as in the case of
NIPS. On the other hand, in VIPS, the concentration gradient of the three
components are smooth across the polymer cross-section due to slow diffusion of
water vapor (Chae Park et al. 1999). Yip and McHugh 2006 showed that the
concentration profiles of the nonsolvent, solvent and polymer across the casting
film are relatively flat especially polymer solution prepared with high boiling point
solvent. Matsuyama et al. 1999-1, proved flat polymer concentration profile
mathematically. According to their calculations, the polymer fractions near the top
surface increases at the beginning, with time the flat polymer concentration profile
is formed. Hence symmetric membrane structure is expected and obtained for phase

separation via VIPS rather than asymmetric morphology.

Unlike the general characteristic symmetric morphology of VIPS
membranes, Menut et al. 2008, Khare et al. 2005 and Wang et al. 2000 reported
asymmetric membrane morphology via VIPS. Wang et al. 2000 attributed the
asymmetric membrane morphology to lower polymer concentration near air-

polymer solution interface than that in the bulk casting solution. Menut et al. 2008
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induced that the surface liquid layer formed on top of the casting solution after the
phase separation and then disappeared. After the phase separation, due to gelation
of polymer layer water diffusion into casting polymer layer is retarded, this leads
to accumulation of water layer on top of casting film. The solvent NMP is extracted
from polymer layer by the accumulated water layer due to affinity between NMP
and water. Polymer concentration decreased because of the intake of water and
NMP in the surface liquid layer. Anisotropic membrane morphology with larger
pores near the membrane surface and smaller pores near the bottom surface is
emerged. Since the solvent moves toward the membrane surface due to affinity to
the surface liquid layer, polymer concentration and viscosity in the top layer of
membrane is lower than that of bottom layer. As a result, coarsening of droplets
takes place more easily in the top layer of membrane due to lower viscosity. Due
to low polymer concentration, the continuous polymer rich phase reaches the glass
transition concentration later than in the bulk of the membrane, this delay provides
more time for cell growth and coalescence. Decrease in polymer concentration due
to increase in solvent and water content on top layer was also reported by Khare et
al. 2005. The variant concentration profile as depicted in Figure 4.3-A leads to
asymmetric membrane morphology as shown in Figure 4.3-B is called hour-glassy
structure by Khare et al. 2005.

Finally, there is no gas separation membranes produced by VIPS method, in
the literature. Barth et al. 2000 used the PS and PES membraned prepared by VIPS
in order to seperate PEG/water solution and PVA/water solution. Han and
Bhattacharyya, 1995 studied PEG/water solution separation by PS membranes
prepared by VIPS and wet phase inversion. They reported that decrease in water
flux and increase in PEG rejection when membranes were produced by VIPS.
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Humid air phase

j—Solution/air interface (top surface)

Polymer

Figure 4.3 Schematic representation of concentration profile across casting film
(A), SEM image of membrane having hour-glassy structure (B) (Khare et al. 2005).

4.2 Materials and Experimental Method of PI Membrane Production via
Light Induced Dry-VIPS

421 Materials

Polyimide resin, Matrimid ®5218, THF, DMF and ZIF-8 were used. The
properties of these materials were given in Chapter 3.2. The ZIF-8s preferred in
this part of the study have 65 nm crystal size and were thermally annealed
(Treatment-Type3). The reason of thermal annealing was the deteriorating effect of
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residual MeOH in the pores of ZIF-8 in the treatment type 1. Furthermore, 65 nm
crsytals size was preferred because of higher tendency of 25 and 15 nm of ZIF-8 to
clustering. In this part of the study, different from other parts, pNA was used. p-
nitroaniline, pNA, which has amine and nitro functional group, was used as
compatibilizer and anti-plasticizer and purchased from Across. It has a chemical
formula of CeHa(NH2)(NO-), molecular wieght of 138.1 g/mol and density of 1.44
g/cm?. The solubility of pNA in DMF was 1200 g/L (Phatak and Gaikar 1996). The

chemical structure of pNA is presented in Figure 4.4.

O2N NH,

Figure 4.4 Chemical structure of p-nitroaniline (D. Sen 2008).

4.2.2 Preparation of neat PI, PI/ZIF-8 and pNA/PI/ZIF-8 Membranes via
VIPS

The homogeneous Pl and PI/ZIF-8 membrane solution was prepared and as
narrated in Chapter 3.2. In order to prepare P1/ZIF-8/pNA mixed matrix membrane,
after dispersion of ZIF-8 in 9.5 g DMF and addition of THF, pNA at 10% by mass
of the polyimide was dispersed in THF/DMF/ZIF-8 solution. at 10% by mass of the
polyimide was dispersed in 9.5 g DMF solvent. The addition of PI, casting of

membrane and annealing procedures were the same as those of neat Pl membranes.

VIPS was carried out at 80% relative humidity. After bringing the humidity
in the home-made Glow Box shown in Figure 3.2 the membrane solution was
poured onto the glass surface with a thickness of 500 um with the aid of an
automatic film applicator. The polymer film was then exposed to infrared light
orincandescent light during the dry phase change. After dry inversion step, casting
film was left in the glow box at 80% relative humidity until the film until it was

self-peeled off from the glass. This period took approximately 5 hours. To remove
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the residual solvent, the solidified membrane was dried overnight in a 120 °C

vacuum oven.

Morphological properties of membranes were investigated via SEM. The

details of it was already provided in Chapter 2.3.

4.2.3 Gas Separation Test of neat PI, PI/ZIF-8 and pNA/PI/ZIF-8

Membranes

Single gas permeation test of the membranes produced via VIPS was
performed in the set-up depicted in Figure 4.5 and flow diagram can be seen in
Figure 4.6. This system has an oven to keep the temperature constant during gas
permeation test, and a manifold to connect the feed and permeate with purge,
vacuum and pure gases. Membrane modules were fixed in oven. The oven
temperature was kept at 35 °C. Heating of the oven was provided by resistance
heater. Homogeneous distribution of heat throughout the oven was provided by a
fan. Heating and temperature were monitored and controlled by a thermocouple
equipped with PID controller (GEMO TD107A). Two stainless steel membrane
modules were placed in oven. These modules held the flat membranes with two o-
rings. Modules connected to the manifold via copper tubing and brass valve and
fittings from the top. Bottom part of the modules were connected to pressure
transmitter by copper tubing and brass valves and fittings. The line between module
bottom side and pressure transducer was called permeate. The pressure increment
in permeate side under vacuum with respect to time was monitored by pressure
transmitter (with part no. KELLER-PAA-21Y-81554.33) with 0-4 bar range and
0.25% full scale linearity. The volume of the permeate side was measured 13.6 cm?®
for each module. The permeate also was connected to the manifold by a brass on-
off valve. The pressure of the feed part was monitored by pressure transmitter (with
part no. KELLER-PA-23SEi-81155.10) with 0-25 bar range and 0.25% full scale
linearity. Before each test, whole system was kept under vacuum for 3-3.5 hours
via monifold. The vacuum was supplied by a mechanical vacuum pump (Edwards).
Then, the pure single gas (Hz2, CO2 or CHj4 for this system) was fed to module upper

part via manifold when the valves provided convection with manifold and permeate
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were closed. The fed pressure was 2 atm. Gauge pressure. The pressure difference
between feed and permeate is the driving force for gas permeation. The experiment
was performed by constant volume and variable pressure method. Due to driving
force, the pressure of the permeate side increased with time. The rate of pressure
rise was used to calculate permeability coefficient. The details about these

calculations was already provided in Chapter 2.3.

Table 4.1 provided the codes of the membranes produced via VIPS.
Membrane content and membrane casting parameters were also available in this
table.

Table 4.1 Membrane codes and preperation properties of Pl, PI/ZIF-8, PI/ZIF-

8/pNA membranes. Each membrane prepared from polymer solution made up of 4
gr. P1, 4 gr THF as volatile solvent, and 9.5 gr DMF as non-volatile solvent.

Membrane Code ZIF-8 pNA Dry inversion
VIPS Pl 0 Ex 1 No Light
VIPS Pl 0 IR 2 No Light
VIPS Pl 60 IR 1 60 s IR
VIPS Pl 120 IR 1 120 s IR
VIPS Pl 120 IR 2 No No 120s IR
VIPS PI 180 IR 1 180s IR
VIPS Pl 240 IR 1 240s IR
VIPS Pl 240 IR 2 240s IR
VIPS Pl 60 IL 1 60s IL
VIPS PI 120 IL_1 120s IL
VIPS M-PI 0 Ex 1 No Light
VIPS M-PI 60 IR 1 04 60 s IR
VIPS M-Pl 120 IR 1 (10% 0? PI) No 120s IR
VIPS M-PI 120 IR 2 120 s IR
VIPS M-PI 180 IR 1 180s IR
VIPS M-PI-C 0 Ex 1 No Light
VIPS_M-PI-C_60 IR 1 049 0.16 g 60 s IR
VIPS M-PI-C 120 IR_1| (10% of PI) (4% of PI) 120s IR
VIPS M-PI-C 120 IR 2 180 s IR
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Figure 4.6 Flow diagram of test system for membranes produced by light induced-
VIPS.

4.3 Morphological Investigation of VIPS Membranes
4.3.1 IR Exposure Effect on Membrane Morphology

Figure 4.7 shows the SEM micrograph of cross-section of pure Pl membrane
produced by VIPS without IR exposure. Based on the qualitative analyse,
membrane was made up of cellular pores with uniform shape and completely
symmetric. At a closer look on both top and bottom layer of the membrane, no skin
layer could be detected. This type of symmetric morphology was also reported by
Caquineau et al. 2003, Han and Bhattacharya 1995, Chae Park et al. 1999 and the
reason of such symmetric morphology is associated with the smooth concentration
gradient of solvent-nonsolvent and polymer because of the slow intake of non-

solvent into casting film and also limited loss of the high boiling point solvent in
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VIPS (Chae Park et al. 1999, Yip and McHugh 2006, Matsuyama et al. 1999 I).

Moreover, isolated cellular pores was an evidence of that phase separation occurred

via nucleation-and-growth mechanism as observed by Caquineau et al. 2003 and
Menut et al. 2008.

VIPS_PI_0_Ex_1

5 ym
METU CENTRAL LAB

Figure 4.7 SEM micrographs of the neat Pl membranes prepared via VIPS without
IR exposure.

Figure 4.8 presented the SEM micrographs of the neat Pl membranes
exposed to IR light for 60, 120, 180 and 240 seconds during dry inversion period.
When their morphology was compared to the that of non IR exposed membrane,
the first and most striking feature was existence of a skin layer which thickened
with IR exposure time. The total thickness of membranes decreased when the IR

169



exposure period exceeded 120 second. There is no doubt that the reason of the
asymmetric structure was the rapid evaporation of THF (low boiling point solvent)
and DMF (high boiling point solvent) which led to increase of the polymer fraction
at the top layer of the casting solution. Hence concentration profile across casting
solution results in different phase separation dynamics and asymmetric morphology
in the precipitated casting polymer film (Yip and McHugh 2006). Probably, in our
system, exposure of IR led to increase in polymer fraction on top layer via
evaporation of solvents. This high polymer fraction layer may have followed path
1 as depicted in Figure 2.5 and after passing vitrification boundary dense skin layer
formed. The layer below this high polymer fraction layer has followed path 2-1 as
depicted in Figure 2.5 and nucleation-and-growth of the polymer lean phase creates
isolated uniformly distributed porous cells. There are several studies reported
asymmetric membrane morphology after VIPS precipitation (Menut et al. 2008,
Wang et al. 2000, Khare et al. 2005). In these studies, membranes had large pores
on top layer, and smaller pores below these large pores due to solvent accumulation
near the top layer as a result of affinity between solvent and nonsolvent. The
difference in asymmetric structure obtained in our study and other studies come
from difference in precipitation process. To the best of our knowledge, this study is
the first in literature in which dry inversion step is promoted by IR exposure and

precipitation of polymer film finalized via VIPS.

The total polymer film thickness decreased when the IR exposure time
exceed 120 second. When the IR exposure time reached 240 seconds, dense
symmetric polymer film was obtained. 240 second IR exposure might be sufficient
to increase the polymer fraction at the bottom layer of casting film as in the top
layer. This high polymer fraction promoted the vitrification of polymer film by
following path 1 (see Figure 2.5) and smooth polymer concentration gradient led to
symmetric dense polymer film. The second possible reason of dense symmetric
polymer film formation might be limited in-diffusion of nonsolvent vapors due to
low solvent fraction in the polymer layer. As suggested by several researchers,

initiation of nonsolvent in-diffusion in VIPS is mainly because of affinity between
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solvent and nonsolvent vapors (Caquineau et al. 2003; Su et al. 2009; Menut et al.
2008; Tsai et al. 2006). 240 second IR exposure significantly diminished solvent
amount in the casting film and the remaining amount of solvent might be not
sufficient to draw required amount of nonsolvent into casting polymer film.

Therefore, phase separation due to non-solvent vapor in-diffusion could not occur.

When the IR exposure time was 180 second, a strange morphology was
obtained. This membrane contained two dense layer one of them was at top of the
membrane and the other was on the bottom. Between these two dense non-porous
layers, spongy porous layer was located. In my opinion, the remaining solvent in
the casting polymer film after 180 second IR exposure might be still sufficient to
draw non-solvent vapor from humid air atmosphere which led to phase separation
and porous morphology formed under the dense top layer. Since the drawn of non-
solvent occurred from the top layer, the in-taking non-solvent vapor could not reach
the bottom layer, hence non-porous dense bottom layer obtained via vitrification.
The other possible explanation might be incomplete vitrification of casting film for
180 second IR exposure. Probably, 240 second IR exposure was sufficient to vitrify
the casting polymer film. Further non-solvent vapor exposure of it could not change
its thermodynamic stability. However, after 180 second IR exposure, phase
inversion was not completed and further non-solvent vapor exposure brought a new

thermodynamic state for sublayer at which vitrification was not finalized yet.
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Figure 4.8 SEM micrographs of the neat PI membranes exposed to IR light for
60, 120, 180, and 240 s priory beginning of VIPS.
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Table 4.2 presented the quantitative analyses of morphological properties of
membranes based on SEM images. The IR exposure for 60 seconds allowed the
formation of a non-porous dense skin layer with a thickness of about 4.56+ 1.09
um, while increasing the thickness of the porous layer by 4.5%. The increase in the
thickness of the porous layer was ascribed the thermal expansion of polymer casting
film during IR exposure period. Due to resistance provided this dense skin layer
non-solvent vapor diffusion into casting polymer film was decelerated. This slowed
down diffusion process resulted in slow growing of pores (Young and Chen 1995),
hence the pore size diminished approximately by 15% due to 60 seconds IR
exposure. When the IR exposure period reached to 120 seconds, the dense layer
thickness increased to 42.76 + 16.66 um and porous layer thickness decreased from
154.50 = 1.35 pm to 102.12 £+ 5.00 pm. The increase in thickness of dense skin
layer was a result of increment in the thickness of densified polymer layer of casting
solution film. Further increase in IR exposure decreased both pores size, porous
layer thickness. Finally, dense non-porous polymer film with 53.68 = 0.72 pum was
obtained after 240 second IR exposure. The reason of the polymer film shrinkage
was increased polymer fraction in the casting film.

Table 4.2 Quantitative investigation of morphology of membranes prepared via
VIPS.

Membrane Code IR Dense Layer | Porous Pore Pore
exposure | Thickness Layer Shape | Size
time () | (um) Thickness (um)

(um)
VIPS PL O Ex 1 |0 No dense 149.77+ | spongy | 3.15=+
1.33 0.88
VIPS P1 60 IR_1 | 60 4.56+1.09 154.50+ | spongy | 2.68 £
1.35 0.75
VIPS Pl 120 IR_1| 120 4276 £16.66 | 102.12+ |spongy | 2.79 +
5.00 0.65
VIPS Pl 180 IR_1 | 180 Top= 37.25+ | 27.65 + spongy | 1.65 +
1.52 2.21 0.49
Bottom=5.87
+1.48
VIPS Pl 240 IR _1 | 240 53.68 + (.72 No pores | - -
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4.3.2 Incandescent Lamp Light Exposure Effect on Membrane Morphology

Figure 4.9 shows the SEM micrograph of cross-section of pure Pl membrane
exposed to incandescent lamp light for 60 and 120 seconds priory VIPS. At first
glance, no difference could be detected between the morphological structure of
these membranes and the that of the prepared membrane (VIPS_ Pl 0 IR 1)
without being exposed to the light at all. A closer look at the upper layer of the
membrane, a separate dense skin layer could not be detected since the thickness is

not more than the wall thickness of the isolated pores.
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Figure 4.9 SEM micrographs of the neat PI membranes exposed to incandescent
lamp (abbreviated as IL) light for 60 and 120 seconds priory beginning of VIPS.
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Table 4.3 are listed the morphological properties of membranes prepared via
IL explosion following VIPS. Although IL exposure was not sufficient to create a
dense skin layer in a conventional manner, 60 seconds IL led to increase 31.2 % in
thickness of porous layer and 20% in the size of the pores. When the IL exposure
period increased from 60 seconds to 120 seconds, the increment in the thickness of
porous layer was reduced. However, still the thickness of porous layer of membrane
exposed to 120 seconds IL was approximately 7% higher than that of membrane
prepared without light exposure. Light exposure led to increase the temperature of
the casting film and thermal expansion of casting film formed thicker membrane.
As the exposure time to the light increased, the thermal expansion was still active
and however the increase in the polymer fraction due to the amount of evaporated
solvent tended to denser membrane layer. Therefore, effectiveness of thermal
expansion reduced and the percent of increase in membrane thickness diminished.

Table 4.3 Quantitative investigation of morphology of membranes prepared via
VIPS.

Membrane Code IL Dense Porous Layer Pore Size
exposure Layer Thickness (um)
time (s) | Thickness (um)
(nm)
VIPS PI 0 Ex 1 0 Not in a 149.77+1.33 | 3.15+0.88
VIPS PI 60 IL 1 60 conventional | 196.50 +8.15 | 3.78 +1.28
VIPS Pl 120 IL 1 120 manner 160.05+1.09 | 2.90+0.95

4.3.3 Effect of Light Exposure on Membrane Surface

Figure 4.10 presented the SEM images of surface of the membranes
prepared without light exposure and 60 second IR exposure, respectively. On the
surface skin of the membrane (VIPS_PI_0_Ex_1) prepared without light exposure,
pin holes were detected. Similar observation was also reported by Menut et al. 2008,
Han and Bhattacharyya 1995 and Wang et al. 2000. According to Menut et al. 2008,
incomplete closure of the polymer phase during coalescence was the reason of such
pinholes. Han and Bhattacharyya 1995 induced that the membrane immersed water

bath after 3 minutes VIPS and membrane prepared by 3-days VIPS both had
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spherical voids on the skin layer. It was assumed that these voids were originated
from surface tension and stress during liquid-liquid phase separation. Formation of
surface pores and also increase the size of these pores with increase in relative
humidity were experienced by Wang et al. 2000 who attributed to spontaneous
emulsification induced by the contact of casting solution with water vapor. To
prepare functional membranes for antibacterial activity or protein adsorption,
honeycomb film surface was fabricated with breath figure method (Dou et al. 2015).
In this method, formation of holes in honeycomb shape on the polymer layer was
also provided by condensation water droplets on the polymer film. The observation
about surface pinholes of Peng et al. 2013 and Su et al. 2009 provided different
perspective. In the method of Peng et al. 2013 and Su et al 2009, VIPS was followed
by wet phase inversion. They suggested that increasing the period of VIPS inhibited
the formation of surface pores. They suggested that with longer non-solvent water
vapor exposure promoted coarsening of the polymer rich phase formed dense skin
layer. In light of thin knowledge, in our method, condensation of non-solvent water
droplets on casting PI film initiated nucleating-and-growth type phase separation
and polymer poor phase created these pinholes or voids. Although in our case VIPS
duration was very long (at least 3 hours), the coarsening of polymer rich phase could
not create dense surface layer for membrane prepared without light exposure.
Probably, surface tension which is assumed the origin of coarsening was not strong
enough to complete the coarsening of polymer rich phase on our casting polymer
film surface. Smaller pinholes were assumed as an indicate of coarsening of
polymer rich phase. However, large voids showed that membrane phase separation

was completed before coarsening of polymer rich phase finalized.
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Figure 4.10 SEM micrographs of the surface of the neat PI membranes prepared
without light exposure and with 60 second IR exposure during VIPS.

When the membrane exposed to 60 seconds IR light during VIPS, it was
observed that surface pinholes or large voids completely disappeared as shown in
Figure 4.10. One of the possible reasons was the vitrification of the surface layer of
the casting polymer film due to high radiative energy of IR. Since the surface layer
vitrified before water vapor condensation further phase separation could not take
place on the surface layer. However, this vitrified layer still allowed the water vapor
diffusion into the casting film and phase separation could take place in the sublayer.
The increased temperature on the casting film because of IR light might be the other
reason of dense surface layer. High polymer film surface temperature prevented the

condensation of water droplets on the surface or fast evaporation of condensed
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water droplets. Therefore, phase separation on the surface due to water vapor

condensation hindered.

The SEM micrographs of surface of the neat PI membranes exposed 60
(VIPS_P1_60_IL 1) and 120 (VIPS_PI_60_IL_1) seconds IL light during VIPS
were depicted in Figure 4.11. 60 seconds IL exposure increased both quantity and
size of the voids. Further increase the IL exposure period from 60 seconds to 120
seconds induced shrinkage in the size of the voids when compared the size of the
voids on the VIPS_PI_60_IL_1. The quantitative analysis of surface voids based

on SEM images was presented in Table 4.4.

VIPS_PI1_60_IL_1
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Figure 4.11 SEM micrographs of the surface of the neat PI membranes prepared
with IL light exposure for 60 and 120 seconds during VIPS.

178



Table 4.4 Quantitative investigation of morphology of membranes prepared via

VIPS
Membrane Code Light Number of voids Average
exposure per 3050 pm? size of the
time (s) voids (um)
VIPS PI 0 Ex 1 0 50 0.65 + 0.30
VIPS Pl 60 IL 1 60 84 1.12+0.46
VIPS PI 120 IL 1| 120 100 0.75 + 0.26
VIPS Pl 60 IR 1 60 No voids -

The temperature increment caused by the fluorescent light exposure was not
high enough to prevent water vapor condensation of film surface or evaporate the
water droplets which were condensed already. For this reason, the fluorescent light
could not prevent formation of surface voids as it was infrared light. However, the
temperature increment because of the fluorescent light promoted and accelerated
the evaporation of THF and DMF solvents. Hence, the solvents that proceed toward
the casting polymer film surface and increment in faction of solvents near the
surface attracted more water vapor and enhanced formation of polymer poor phase.
Therefore, both fraction and size of the voids were increased as depicted in Table
4.4,

4.3.4 Morphological Properties of PI/ZIF-8 Mixed Matrix Membrane
prepared via IR Exposure during VIPS

Figure 4.12 showed the SEM micrograph of PI/ZIF-8 mixed matrix
membrane (VIPS_M-PI_0 Ex 1) prepared without light exposure during VIPS.
VIPS_M-Pl_0_Ex_1 membrane had completely symmetric porous structure as
VIPS P1 0 Ex_1. VIPS M-PI_0 _Ex 1 had no skin layer and membrane was
composed of spongy closed. In some places, ZIF-8 crystals agglomerated within

closed spongy pores.

SEM micrographs depicted in Figure 4.13 belongs to PI/ZIF-8 mixed matrix
membrane (VIPS_M-P1_60 IR 1) prepared with 60 seconds IR light exposure
during VIPS. The morphological properties of VIPS_M-PI_60_IR_1 was
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completely similar to that of VIPS_M-P1_0_Ex_1. 60 seconds IR exposure led to
formation of a skin layer with approximately 5 um thick for pure PI membrane as
shown in Figure 4.8. However, 60 seconds IR exposure might be not sufficient for
skin layer formation in the presence of ZIF-8 crystals. Agglomeration of ZIF-8
particles was observed also in some pores near the upper surface as in the total

membrane cross sections.

SEM images of membrane VIPS_M-PI_120 IR _1 (exposed 120 seconds IR
light during VIPS) was shown in Figure 4.14. The dense and non-porous skin layer
formation was observed as in the case of neat PI membrane exposed 120 seconds
IR (VIPS_PI 120 IR 1, see Figure 4.8). However, the thickness of skin layer
belongs to VIPS_M-Pl_120 IR_1 was lower than that of VIPS Pl 120 IR 1.
ZIF-8 crystals were distributed within this dense non-porous skin layer. On the
other hand, agglomeration of the ZIF-8 crystals within some pores was observed.
In light of this observation, it was deduced that the ZIF-8 crystals were distributed
homogeneously and without clustering within the polymer-solvent solution. When
the membrane was exposed to 120 seconds IR, the upper surface of the casting
polymer film was densified quickly because of fast solvent evaporation. The
densified polymer layer inhibited the movement of ZIF-8 crystals, hence
homogeneously distributed ZIF-8 crystals within casting polymer solution were
fixed without clustering in the non-porous skin layer. However, in the sublayer
casting film densification was not enough to fix the crystals or prevent to movement
of them. Hence nano-sized ZIF-8 crystals moved and agglomerated to become more
stable form. Another phenomenon that supported my theory about that densified
polymer phase prevented aggregation of ZIF-8 crystals was the fact that the ZIF-8
clusters were mostly seen in the pores which were region formed by polymer poor

phase.

The cross-sectional view of VIPS_M-P1_180 IR_1 membrane prepared
with 180 seconds IR exposure during VIPS was presented in Figure 4.15. Formation
of non-porous skin layer with homogeneously distributed ZIF-8 crystals and closed

spongy pores including agglomerated ZIF-8 crystals were noted at first
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glance as investigated for membrane VIPS_M-PI1_120 IR_1. Just as neat PI
membrane (VIPS_PIl 180 IR_1) exposed to 180 s IR, this membrane had also
sandwich type morphology; namely thick dense skin layer on top surface, porous

sublayer, and thinner dense layer on the bottom.

VIPS_M-PI_0_Ex_1

Figure 4.12 SEM micrographs of the mixed matrix PI/ZIF-8 membrane prepared
without light exposure during VIPS.
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Figure 4.13 SEM micrographs of the mixed matrix PI/ZIF-8 membrane prepared
with 60 seconds IR light exposure during VIPS.
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Figure 4.14 SEM micrographs of the surface of the mixed matrix PI/ZIF-8
membrane prepared with 120 seconds IR light exposure during VIPS.
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Figure 4.15 SEM micrographs of the mixed matrix PI/ZIF-8 membrane prepared
with 180 seconds IR light exposure during VIPS.
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The quantitative analysis of morphological properties of mixed matrix
PI/ZIF-8 membranes exposed to IR during VIPS was listed in Table 4.5. As a
general trend, IR exposure led to decrease in the thickness of porous layer, and in
the size of the pores. Moreover, it promoted the formation of skin layer. In order to
understand the effect of ZIF-8 on membrane morphology, membranes containing
ZIF-8 were compared with pure Pl membranes exposed to IR at the same time
period during VIPS. It was investigated that the thickness of porous layer of
membranes including ZIF-8 crystals was significantly higher than that of neat PI
membranes, whereas the non-porous dense layer thickness of mixed matrix
membranes was thinner than that of neat Pl membranes. (The values listed in Table
4.2 was compared the values listed in Table 4.5). For example, due to addition of
ZIF-8 crystals; the percent increase in the thickness of the porous layer was 17.89%,
24.61%, 9.23%, 160.9% corresponding to IR exposure time 0, 60, 120 and 180
seconds period. On the other hand, a 60 seconds IR exposure period in mixed matrix
membrane (VIPS_M-Pl_60 IR) was not sufficient to form a non-porous surface
layer, which resulted in the formation of a non-porous skin layer of about 5 um in
pure PI membrane (VIPS_ Pl _60 IR_1). When the exposure time to IR was
increased to 120 seconds (VIPS_M-PI_120_IR_1), a non-porous skin layer having
an average thickness of 13.15 um was obtained. However, this thickness was
69.25% smaller than the skin layer thickness of pure PI membrane exposing 120
seconds IR (VIPS_PI_120 IR _1).

In the mixed matrix membrane exposed to 180 seconds IR during VIPS
(VIPS_M-PI_180_IR_1), the non-porous surface layer thickness was measured
approximately 42.31 um, which was about 13.58 percent thicker than that of neat
Pl membrane (VIPS_PIl_180 IR_1) prepared under same casting conditions.
Despite the increase in non-porous skin layer thickness, the ratio of dense layer
thickness to the total membrane thickness decreased. In VIPS_M-P1_180 IR _1, the
non-porous layer was 39.40 percent of the total membrane thickness. On the other
hand, this value was approximately 60.93 percent for neat Pl membrane
(VIPS_PI_180_IR_1).
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The reduction of the thickness of nonporous layer or its ratio in the total
membrane thickness and the increase in the thickness of the porous layer have been
associated with the amount of evaporated solvent and evaporation rate (or solvent
removing rate). According to my experience, amount of evaporated solvents was
high and the evaporation rate was fast enough, the thickness of dense layer
increased while the thickness of porous layer decreased hence porous layer
disappeared finally and symmetric dense membrane was obtained. When the
amount of evaporated solvents was smaller and evaporation rate was slower, phase
separation and formation of polymer poor phase promoted, hence thinner dense
layer with porous morphology was obtained. In my opinion, the presence of ZIF-8
crystals hindered and slowed down the evaporation of solvents during VIPS. The
reason might be the additional interaction between solvents and ZIF-8s or higher
viscosity of casting solution due to existence of ZIF-8s. According to my
experience, the addition of ZIF-8s into casting polymer solution led to higher
viscosity. Increase in viscosity due to addition of fillers into polymer solution and
probable effects of higher viscosity on membrane formation kinetics were
investigated by several researchers (Majeed et al. 2012, Mollahosseini et al. 2012,
Yang et al. 2007, Li et al. 2009). In our polymer-solvent-filler system, the viscosity
of casting film increased with ZIF-8 loading and higher viscosity hindered
movement of solvents (Dong et al. 2013), decreased their evaporation rate (Paula
2012, Munekata et al. 2013). Therefore, higher fraction of solvent in the casting
solution promoted the formation polymer poor phase, porous structure and inhibited

denser layer formation.
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Table 4.5 Quantitative investigation of morphology of PI/ZIF-8 mixed matrix
membranes including amount of 10% of polymer ZIF-8 with 65 nm average particle
size and exposed IR light for 60, 120 and 180 seconds during prepared via VIPS.

Membrane Code IR Dense Layer | Porous Pore Size
(s) Thickness Layer (um)
(um) Thickness
(nm)

VIPS M-PI 0 Ex 1 |0 No dense 176.56 + 0.73 | 2.39 + 0.55
VIPS M-PI 60 IR_1 |60 No dense 192.53 £0.54 | 2.41 £ 0.67
VIPS M-PI 120 IR 1 [ 120 [13.15+2.85 |[111.55+2.69 |2.28+0.59
VIPS_M-P1_180 IR_1 | 180 | Top= 7214 +4.16 | 1.98 £0.46

42.31+4.03
Bottom=
4.60 +1.28

4.3.5 Morphological Properties of PI/ZIF-8/pNA Mixed Matrix Membrane

including Compatibilizer prepared via IR Exposure during VIPS

Figure 4.16 presented SEM micrographs of mixed matrix membranes
including 65 nm ZIF-8 at 10% of the Pl and pNA at 4% of the Pl exposed 0, 60,
120 and 180 seconds IR light beginning of the VIPS. The quantitative investigation
of membrane morphology based on SEM images was listed in Table 4.6. In mixed
matrix membranes including pNA, skin layer formation could not be observed
without IR exposure, with increasing the IR exposure time the thickness of non-
porous dense skin layer increased while porous layer thickness decreased, and with
reaching 180 seconds of IR exposure period non-porous dense skin layer formation
was observed at both upper and bottom layer of the porous membrane as observed

in pure Pl and mixed matrix Pl membranes.

The total porous layer thickness of PI/ZIF-8/pNA membrane prepared
without light exposure (VIPS_M-PI-C_0_Ex_1) was higher 12.21% and 25.53%
than that of VIPS_M-P1_0 Ex land VIPS Pl _0 Ex 1, respectively. This increase
in thickness was attributed to the inhibition of solvent evaporation due to the
molecular interaction resulting from the presence of pNA. As explained in previous
section, when the solvent evaporation rate was high and fast, the thickness of the

porous shell layer decreased while the thickness of the nonporous dense skin layer
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increased or vice versa. The dense skin layer thickness of VIPS_M-PI-C_60_IR_1
was approximately 40.24% higher than that of VIPS_PI_60_IR_1. It was surprising
that the thickness of dense skin layer of pNA containing mixed matrix membrane
was measured higher than that of pure PI membrane while no dense skin layer
formation was observed in mixed matrix Pl membrane exposing 60 seconds IR
(VIPS_M-P1_60_IR_1). The reason might be changed relaxation period of polymer

due to existence of pNA.

When IR exposure period increased to 120 seconds, the obtained dense skin
layer thickness was measured as 19.80 um, this value was 33.59% higher than that
of mixed matrix membrane without pNA. The change in porous layer thickness was

not significant on the other hand.

When the IR exposure period reached 180 seconds, the dense upper layer
thickness was measured as 27.02 um, which was 56.59% lower than that of
VIPS_M-PI_180_IR_1. On the other hand, the porous layer thickness decreased by
12.90% with respect to VIPS_M-P1_180_IR_1. Hence total membrane thickness

was not change.
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Figure 4.16 SEM micrographs of the mixed matrix including compatibilizer
P1/ZIF-8/pNA membranes prepared with 0, 60, 120 and 180 s IR light exposure
during VIPS.
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The presence of pNA is expected to cause the polymer chain to harden and
reduce its flexibility due to its antiplasticizer effect (Sen 2008). Therefore, it was
expected that the formation of dense skin layer was enhanced in the presence of
PNA. However, the presence of ZIF-8 and PNA also prevented solvent evaporation.
The solvents presence showed plasticizer effect (Oral 2011) and also promoted the
formation of porous layer. During formation of membrane, competition of these
two factors determined the final morphology of membranes. When the IR exposure
time was less than 180 seconds, the antiplasticizer effect of pNA was dominant.
This is why mixed matrix membranes including pNA had a thicker non-porous
dense skin layer with compared to mixed matrix membranes without pNA. If the
IR exposure time exceeded 180 seconds, higher solvents fraction in the casting
solution during VIPS became dominant hence thinner dense skin layer obtained

than expected.

Table 4.6 Quantitative investigation of morphology of PI/ZIF-8/pNA mixed matrix
membranes including amount of 10% of polymer ZIF-8 with 65 nm average particle
size and 4% of polymer pNA. During VIPS membranes were exposed IR light for
0, 60, 120 and 180 s.

Membrane Code IR Dense Layer | Porous Layer | Pore Size
(s) Thickness Thickness (um)
(am) (nm)
VIPS_M-PI- 0 No dense 201.11+£0.82 | 2.39+0.63
CO0Ex1
VIPS_M-PI- 60 7.63 £ 1.66 150.13 +1.34 | 2.61+0.54
C 60 IR 1
VIPS_M-PI- 120 | 19.80£5.17 109.55+3.73 |2.22+0.44
C 120 IR 1
VIPS_M-PI- 180 | Top= 82.82 +4.56 1.54 £0.41
C 180 IR 1 27.02 +4.14
Bottom=
439+1.17
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4.4  Gas Separation Performance of VIPS Membranes

Neat Pl membranes, mixed matrix PI/ZIF-8 membranes and mixed matrix
PI/ZIF-8/pNA membranes were tested in terms of gas separation performance in
the test system presented in Figure 4.5. The gas test results were presented in
discussed in this section.

Table 4.7 presented the gas test results of the neat PI membranes prepared
without light exposure. Hence only the effect of VIPS formation could be
investigated based on gas test results. Two different membranes were prepared in
the same relative humidity on different days. Two parts from each membrane were
tested. Although the test results of two different parts of the same membrane gave
the same gas flux value, there was a difference of about 45% for each type of gas
between the test results of two different membranes. In our membrane casting
system, management of the humidity was possible but temperature was not. The
difference in gas permeance might be the result of temperature difference between
the membrane casting days. The ideal selectivity values were constant despite the
variance in permeance values. Therefore, the characteristic permeance values and
ideal selectivity of non-light exposed neat Pl VIPS membrane were taken the

average values of test results of these two membranes.

The most important point was the very high ideal selectivity values. As
depicted in previous Chapter 4.3, the dense skin layer formation could not be
observed in VIPS membranes unless IR light exposure. In addition, as described in
Chapter 4.3.3, there were holes about 1 um in size on the surface layers of the
membranes that were not exposed to IR. This high ideal selectivity despite the
existence of surface holes and the absence of dense skin layer was the most
important evidence that all pores in the membranes were closed and isolated.
Therefore, the wall of each pore in the membrane cross-section exhibited a
resistance to gas flow resulting in high selectivity and a lower gas permance than
expected value. Reduction or interruption of water permeate flux (these studied

were about ultrafiltration membranes) due to VIPS type of membrane formation
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were also reported in literature and reason was assumed the closed pores (Han and
Bhattacharyya 1995; Chae Park et al. 1999).

Table 4.7 Gas test results of the neat PI membranes prepared without light exposure
during VIPS.

Membran Code Permeance (GPU) Ideal Selectivity
H2 [ CO2 | CHs4 | H2/CO2 | H2/CH4 | CO2/CHa
VIPS Pl 0 Ex 1 p1 [3.40/1.15|0.033| 2095 100.6 34.11
VIPS PI 0 Ex 1 p2 3.70 | 1.23 | 0.036 3.0 107.78 34.16
VIPS Pl1 0 Ex 2 pl1 1.96 | 0.61 | 0.018 3.2 108.89 33.88
1.98 | 0.64 | 0.019 3.1 104.21 33.68
VIPS Pl1 0 Ex 2 pl1 1.89 | 0.56 | 0.017 3.4 111.17 33.94
1.91 | 0.59 | 0.017 3.3 112.35 33.71
Average 2.47 |1 0.80 | 0.023 | 3.16 107.5 33.91
Standard Deviation 0.84 | 0.31 | 0.009 | 0.17 4.41 0.20

4.4.1 Effect of IR Exposure on Neat PI Membranes prepared via VIPS

The neat Pl membranes exposed IR light at the beginning of VIPS process
have lower gas permeance than membrane prepared without IR exposure. The
permeance and ideal selectivity values of IR exposed neat PI membranes were listed
in Table 4.8. With increasing IR exposure time, the gas permeance values decreased
gradually because of increase in the thickness of non-porous dense skin layer as
shown in Figure 4.8.

The percent of decrease in the CO> permeance was 41.25%, 83.75%, 90%
and 90%; while the percent of decrease in the H2 permeance was 51.42%, 83.40%,
90.69%, and 94.33% corresponding to the increase in the IR exposure time with 60,
120, 180 and 240 seconds, respectively. There could not be measured a significant
change in methane permeance (just only 4.35% decrease) due to increase in the IR
exposure period from 0 to 60 seconds. The methane permeance decreased from
0.022 to 0.0044 GPU by increasing the IR exposure time from 60 seconds to 120
seconds. Further increase in IR exposure time (from 120 seconds to 180 seconds)
led to 41.73% decrease in CH4 permeance. When the IR exposure period increased
from 180 seconds to 240 seconds, there could not be detected any significant change

in CO2 and CH4 permeance but 39.13% decrease in H2 permeance (from 0.23 to
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0.14 GPU) was detected. The reason might be the precision of our pressure
transmitter which is not quite high or sensitive to detect the change in the permeance

of CO2 or CH4when the change was quite small or permeance was very low.

There was no significant deviation in H2/CO. selectivity due to IR exposure.
On the other hand, H2/CHys selectivity and CO2/CHys selectivity reduced from 107.5
to 54.54 and from 33.91 to 21.36, respectively due to increase in IR exposure period
from 0 to 60 seconds. Further increase in IR exposure time, the Ho/CHjs selectivity
and CO2/CHgs selectivity values increased gradually and reached the selectivity
values obtained membranes prepared without IR exposure when the IR exposure
raised to 180 seconds.

Table 4.8 Gas test results of the neat PI membranes prepared with IR light
exposure for 60, 120, 180 and 240 seconds prior of the VIPS.

Membrane Code Permeance (GPU) Ideal Selectivity

Hz | CO2| CHs | H2/CO2 | H2/CH4 | CO2/CHa4
VIPS P1 60 IR 1 pl |[1.20] 047 | 0022 | 255 | 5454 | 21.36
VIPS PI_ 120 IR 2 p1]0.41|0.13 | 0.0044 | 315 | 93.18 | 29.54
VIPS P1 180 IR 1 pl1|0.23| 0.08 | 0.0023 | 2.88 100 34.78
VISP Pl 240 IR 2 p1|0.14 | 0.08 | 0.0026 | 254 | 53.85 | 31.15

4.4.2 Effect of IL Exposure on Neat PI Membranes prepared via VIPS

Table 4.9 listed the gas test results of membranes prepared using
fluorescence light for dry inversion step instead of infrared light. When the gas test
results of membranes prepared without light exposure and membranes exposed IL
light were compared, small diminish in gas permeance with small increment in ideal

selectivity values were investigated.

The percent of decrease in the CO2 permeance was 8.75%, 12.50; the
percent of decrease in the H> permeance was 8.91%, 10.12%; and the percent of
decrease in CH4 permeance was 8.70%, %20.43 corresponding to the increase in
the IL exposure period from 0 to 60 and 120 seconds, respectively. Since the percent

of decrease in CHs permeance was higher than that of decrease in CO2 and H:
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permeance of membrane VIPS_PI_120 IL_1, the ideal selectivity of H2/CH4 and
CO/CH4 enhanced by 11.38% and 10.60%, respectively. The enhancement in

selectivity values of VIPS _PI1_60_IL_1 membrane was smaller.

The effect of the IL light on membrane gas separation performance was
significantly less than that of the IR light. The diminish in gas permeance with
enhancement in selectivity due to IL exposure while IL exposure could not form a
dense skin layer was attributed to the higher polymer fraction. IL light induction
led to higher solvent evaporation when compared without light induction VIPS
process, hence membrane formation occurred with higher polymer faction and
denser membrane layer obtained, which means higher mass transfer resistance.

Table 4.9 Gas test results of the neat PI membranes prepared with IL light exposure
for 60, 120 s prior of the VIPS.

Membran Code Permeance (GPU) Ideal Selectivity
Hz | CO2 | CHs | H2/CO2 | H2/CH4 | CO2/CH4

VIPS PI1 60 IL 1 p1 |2.09]| 0.69 | 0.019 3.02 110 36.32

VIPS PI1 60 IL 1 p2 |241| 0.76 | 0.022 3.17 109.54 34.55

Average 2.25 | 0.73 | 0.021 3.10 109.77 35.44

Standard Deviation | 0.23 | 0.050 | 0.0021 | 0.11 0.33 1.25

VIPS Pl 120 IL 1 p1|2.10| 0.65 |0.0176 | 3.23 123.52 38.23
(testl)

VIPS Pl 120 IL 1 p2|2.40| 0.75 |0.0196 | 3.20 120 375
(testl)

VIPS P1 120 IL_1 p1|1.98| 0.63 | 0.017 | 3.14 | 11647 | 37.05
(test2)

VIPS Pl 120 IL 1 p2|2.38 | 0.74 | 0.019 3.22 125.26 38.95
(test2)

Average 2.22 | 0.70 [0.0183 | 3.20 121.31 37.93

Standard Deviation | 0.21 | 0.061 | 0.0012 | 0.04 3.90 0.83

4.4.3 Effect of Containing ZIF-8 and Containing ZIF-8 with pNA on Gas

Separation Performance

Table 4.10 introduced gas test results of PI/ZIF-8 mixed matrix membranes
prepared via VIPS. At the first glance, the most prominent point was that the
membrane prepared without exposure to IR has lower H> permeance, H./CO>
(should be 2.5-3) and H2/CHa4 (should be higher than 75) ideal selectivity values
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than that of expected. On the other hand, CO./CHys ideal selectivity value was very
close to the intrinsic CO2/CHs ideal selectivity value of neat PI membrane
(CO2/CH4~35; Zhang et al. 2008). Moreover, the H> gas permeation test repeated
two times for each part of the membrane. These eliminated the possibility of
membrane fracture or testing method failure. Diminish in H> permeance despite
enhancement in CO2 and CH4 permeance in the existence of ZIF-8 in the membrane
content was an unexpected result since H2 permeance of neat ZIF-8 membrane was
six times higher than CO. permeance and 11 times higher than that of CHs
permeance (Zhang et al. 2014). This problem could not be understanding and
explained yet. When the results listed in Table 4.8 and Table 4.10 compared except
the Hz permeance of VIPS_M-P1_0_Ex_1, it was noticed that the addition of ZIF-
8 into membrane enhanced the permeance of H,, CO», and CH4. Similar positive
effect of ZIF-8 loading was also reported in literature (Basu et al. 2011; Gholami et
al. 2017). The improvements were related porous nature of ZIF-8.

Table 4.10 Gas test results of PI/ZIF-8 mixed matrix membranes containing

amount of 10% of polymer ZIF-8 with 65 nm average particle size and exposed IR
light for 60, 120 and 180 seconds during prepared via VIPS.

Membran Code Permeance (GPU) Ideal Selectivity
H: CO2 CHs | H2/CO2 | H2/CH4 | CO2/CHa4
VIPS_M- 1.14 | 0.67 | 0.022 1.70 51.82 30.45
Pl 0 Ex 1 pl1 1.31 | 0.74 | 0.024 1.78 54.58 30.83
VIPS M- 1.36 | 0.88 | 0.030 1.54 45.33 29.33
Pl_O Ex 1 p2 1.61 | 0.96 | 0.035 1.68 46 27.43
Average 1.36 | 0.81 | 0.028 1.68 49.43 29.51
Standard deviation | 0.19 0.13 | 0.0059 | 0.0998 4.50 1.53
VIPS_M- 1.47 | 054 0.02 2.72 73.5 27
Pl1 60 IR 1 pl
VIPS_M- 0.48 | 0.17 | 0.005 2.82 96 34
Pl 120 IR 2 pl
VIPS_M- 0.52 | 0.18 | 0.0053 2.89 98 34.6
Pl 120 IR 2 p2
Average 0.5 | 0.175 | 0.0052 2.86 97 34.3
Standard deviation | 0.028 | 0.007 | 0.00021 | 0.050 141 0.42
VIPS_M- 0.28 | 0.11 | 0.0033 2.54 84.85 33.3
Pl 180 IR 1 pl
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Table 4.11 showed gas test results of PI/ZIF-8/pNA mixed matrix with
compatibilizer membranes prepared via VIPS. At the first glance, it was noticed
that the gas permeance values decreased with pNA addition compared to mixed
matrix membranes (Table 4.10). Sharp decrease in gas permeance and enhancement
in selectivity values due to pNA including are expected since pNA was known with
its antiplasticization effect. Addition of antiplasticizer into polymer reduced the
segmental motion and free volume of the polymer (Yong et al. 2001; Sen 2003; Sen
2008).

Table 4.11 Gas test results of PI/ZIF-8/pNA mixed matrix membranes including
amount of 10% of polymer ZIF-8 with 65 nm average particle size and amount of

4% of polymer pNA as a compatibilizer and exposed IR light for 0, 60 and 180
seconds during prepared via VIPS.

Membran Code Permeance(GPU) Ideal Selectivity
H2 | CO2 | CHs | H2/CO2 | H2/CH4 | CO2/CHa4
VIPS_M-PI- 1.79 | 0.55 | 0.014 3.25 127.86 39.29
C 0 Ex 1 pl
VIPS_ M-PI- 165 | 0.51 | 0.012 3.23 137.5 42.5
C 0 Ex 1 p2
Average 1.72 | 0.53 | 0.013 3.24 132.68 40.90
Standard Deviation | 0.1 | 0.03 | 0.0014 | 0.014 6.82 2.27
VIPS_M-PI- 0.56 | 0.19 | 0.0054 | 2.95 103.7 35.2
C 60 IR 1 p1
VIPS_M-PI- 0.156 | 0.065 | 0.0018 2.4 86.7 36.11
C 180 IR 1 p1

Figure 4.17 illustrated the change in H> permeance depending on both ZIF-
8 loading, ZIF-8 with pNA addition and also IR exposure time. The existence of
ZIF-8 at 10% of PI in the membrane led to 22.5%, 21.95%, and 21.75% increase in
H> permeance, corresponding to 60, 120, and 180 seconds IR exposure,
respectively. Despite the change IR exposure period, the percent increment in Hy
permeance did not change. The positive impact of ZIF-8 on H> permeance came
into insight with IR induction. Because ZIF-8 crystals aggregated into pores could
not show their impact. In order to obtain a sensible effect of the filler, they should
be homogeneously dispersed into skin layer. In this study, the most important

achievement with IR exposure was that homogeneously dispersed ZIF-8 crystals
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were fixed in a non-porous dense skin layer of the casting film without clustering.
The Hz permeance of VISP_M-PI-C_0_Ex_1 membrane was 43.60 percent lower
than that of VIPS PI_0 Ex (average) and 23.25 percent higher than that of
VIPS_M-Pl_0_Ex_1. The H; permeance of the mixed matrix membrane including
PNA exposed 60 seconds IR (VIPS_M-PI-C_60_IR_1) was lower than the half of
the neat PI membrane (VIPS_PIl_60 IR_1) and even lower than the half value of
the mixed matrix membrane (VIPS_M-PI 60 IR 1) produced by the same
exposing time. With 180 seconds IR induction, the percentage reduction in H»
permeance due to PNA was calculated to be 70 percent when compared to the
VIPS_M-P1_180_IR_1 and 40 percent compared to VIPS_PI_180 IR _1.
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Figure 4.17 Change in H> permeance depending on both IR exposure time, ZIF-8
and pNA.

197



Figure 4.18 showed the variation in CO, permeance based on both ZIF-8
loading, ZIF-8 with pNA addition and also IR exposure time. When the mixed
matrix membrane casting solution did not exposed IR, the observed change in CO;
permeance was negligibly small. The existence of ZIF-8 at 10% of PI in the
membrane led to 14.89%, 34.61%, and 37.5% increase in CO2 permeance,
corresponding to 60, 120, and 180 seconds IR exposure, respectively. Unlike the
change in the H, permeance, the percent of increment in CO2 permeance increased
with IR exposure. Actually, this phenomenon was unexpected for me. As discussed
previously, the thickness of skin layer increased with IR exposure, hence
concerning the increased skin layer, the permeance decreased. | expected that the
increase in skin layer thickness with IR exposure obscured the percent of
enhancement in permeance due to ZIF-8 addition. Contrary to my expectation, the
percent increment in CO, permeance was also increased with increase in the IR
exposure period. The fraction or amount of ZIF-8 dispersed and fixed in skin layer
might be increased with increase in skin layer thickness. Therefore, the percent
increment also enhanced due to higher ZIF-8 amount in the skin layer. pNA led to
approximately 30 percent decrease in CO, permeance when the membranes
prepared without IR exposure. 60 seconds IR exposure upgraded the effect of the
PNA and the percent decrease in CO. permeance was calculated almost 65 percent
when compared to VIPS_M-P1_60_IR_1 and nearly 60 percent when compared to
neat Pl (VIPS_PI_60_IR_1). Further enhancement in IR exposure period to 180
seconds diminished the effect of pNA. The percent decrease in CO2 permeance of
VIPS_M-PI-C_180 1 was calculated as 18.75% and 40.91% compared to neat Pl
(VIPS_PI_180 1) and mixed matrix Pl (VIPS_M-P1_180 1), respectively.
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Figure 4.18 Change in CO. permeance depending on both IR exposure time, ZIF-
8 and pNA.

Figure 4.19 illustrated the CH4 permeance according to our parameters IR
exposure time, ZIF-8 loading and ZIF-8 with pNA loading. The CH4 permeance of
VISP_M-PlI 0 Ex 1 membrane was 27.27% percent higher than that of
VIPS_Pl1_0_Ex (average). When the exposure period increased 60 seconds, the
measured CH4 permeance of VIPS Pl 60 IR_1 (neat PI) membrane was 10%
higher than that of VIPS_M-P1_60_IR_1. This founding was incompatible with the
general trend. The existence of ZIF-8 at 10% of PI in the membrane led to 18.18%,
and 43.47% increase in CH4 permeance, corresponding to 120, and 180 seconds IR
exposure, respectively. For membranes prepared without IR exposure, pNA
resulted in approximately 40 percent and 50 percent decrease in CH4 permeance
compared to neat Pl and mixed matrix PI, respectively. The percent of decrease
was calculated as nearly 73 percent compared to both neat Pl and mixed matrix Pl

when the membranes induced to 60 seconds IR (CH4 permeance of
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VIPS_P1_60_IR_1and VIPS_M-Pl_60_IR_1 are very close to each other). Finally,
CHs permeance of VIPS_M-PI-C_180 IR_1 was lower approximately 21.74
percent and 45.45 percent than that of VIPS Pl 180 IR 1 and VIPS M-

P1_180_IR, respectively.
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Figure 4.19 Change in CH4 permeance depending on both IR exposure time, ZIF-
8 and pNA.

Figure 4.20, Figure 4.21 and Figure 4.22 showed the alteration in ideal
selectivity of Ho/CO2, CO2/CH4 and Ho/CHa, respectively. The alteration was based
on the parameters of IR induction, ZIF-8 and pNA addition.

At a closer look on Figure 4.20, it was noticed that the ideal selectivity of
H2/CO> fluctuated between 2.5 and 3.3. The only exception to this the ideal
selectivity value of VIPS_M-PI1_0 _Ex 1. The membranes exposed 60 seconds IR

during VIPS have ideal H2/CO> selectivity increasing gradually with addition of
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ZIF-8 and pNA. On the other hand, membranes exposed 180 seconds IR showed
opposite trend and H2/CO> selectivity of these membranes decreased gradually with

addition of ZIF-8 and pNA.
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Figure 4.20 Change in ideal selectivity of Ho/CO> depending on parameters of IR
exposure period, ZIF-8 crystals and pNA

As shown in Figure 4.21, at each four different IR exposing group, the
highest CO2/CHjs selectivity was belonged to the membranes containing pNA. The
CO2/CHjs ideal selectivity values oscillated between 20 and 40. The highest one
(40.9) was belonged to the membrane VIPS_M-PI-C_0_Ex_1 containing ZIF-8 and
pNA and prepared without IR exposure. For membranes exposed to 60 seconds IR,
the percent of increase in ideal selectivity of CO./CH4 was calculated as 20.88
percent and 39.32 percent corresponding to the addition of ZIF-8 and ZIF-8 with
pNA, respectively. When the IR exposure time was 120 seconds, addition of ZIF-
8 led to 13.88 percent increment in CO2/CHys ideal selectivity. The oscillation in
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CO2/CHj4 ideal selectivity diminished when the IR exposure period reached 180

seconds.
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Figure 4.21 Change in ideal selectivity of CO2/CH4 depending on parameters of IR
exposure period, ZIF-8 crystals and pNA.

The H2/CHg ideal selectivity of membranes was depicted in Figure 4.22. The
highest one (132.68) was belonged to the membrane VIPS M-PI-C 0 Ex_ 1
containing ZIF-8 and pNA and prepared without IR exposure. This value
approximately 43.47 percent higher than the intrinsic Ho/CHys ideal selectivity value
of neat PI membrane. The highest fluctuation in H2/CHas selectivity value was
observed from the test results of the membranes exposed 60 seconds IR during
VIPS. For the case of 60 seconds IR exposure, the percent of increase in ideal
selectivity of H»/CHs was calculated as 25.80 percent and 47.41 percent
corresponding to the addition of ZIF-8 and addition of ZIF-8 with pNA,
respectively. When the IR exposure time was 120 seconds, the observed selectivity

of H2/CH4 was not change depending on ZIF-8 content. Opposing to the general
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trend, IR exposure 180 seconds led to 15.15 percent decrease in H2/CHa selectivity
despite the existence of ZIF-8. Addition of pNA could not provide further

enhancement in Hz/CHjy selectivity.
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Figure 4.22 Change in ideal selectivity of Ho/CH4 depending on parameters of IR
exposure period, addition of ZIF-8 crystals and including pNA.
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4.5 Comparison of The Membranes

Figure 4.23 showed the Pl and PES membranes produced by different
methods. The non-solvent induced phase separation is abbreviated to the NIPS. The
light induced dry-wet phase inversion is abbreviated to the LIDWPI. The LIDVPI
Is the abbreviation of the light induced dry-vapor phase inversion. The lines on the
Robeson plot depicted the Robeson upper bound based on imaginary membrane
with different dense layer thickness.

The PES and PI membranes have very high CO2/CHgs ideal selectivity. The
reason of low permeance of PES membranes is thick dense selective layer. The
permeance of P1 membranes is low despite the thin dense skin layer. The reason is
the closed pores formed because of IR exposure.
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Figure 4.23 Comparison of membranes produced by different methods.
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4.6 Conclusions

The membranes were produced by light-exposed dry-vapor phase inversion

method. The effect of heating source, dry inversion period, loading pNA and ZIF-

8 on

membrane morphology and gas transport properties were analysed

systematically and following conclusions have been drawn.

>

VIPS method led to formation of spongy pores symmetric membrane.
Formation of dense skin layer cannot be detected.

IR exposure during dry inversion step promoted formation of dense skin
layer. The thickness of skin layer increased by increasing the IR exposure
period. When the IR exposure period reached 240 seconds, the dense
symmetric membrane was obtained.

Despite the absence of skin layer, membranes prepared witout IR exposure
via VIPS showed the intrinsic ideal selectivity of neat dense PI membranes.
This is attributed to the mass transfer resistance because of closed pores.
The permeance values decreased with increasing IR exposure. The highest
permeance was obtained when the membrane prepared without IR exposure.
The observed permeance values were 2.47, 0.80 and 0.023 GPU for Hz, CO>
and CHa, respectively.

The effect of incandescent lamp light exposure was significantly lower
compared to the effect of IR exposure.

The are two important opportunities of light induced dry-VIPS method.
Firstly, IR exposure provided fixing the ZIF-8 particles within dense skin
layer without clustering.

Secondly, VIPS method provided incorporation of pNA into membrane.
The loading ZIF-8 at 10% of PI led to increase in gas permeance.
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CHAPTER 5

SORPTION CAPACITY OF DENSE-SYMMETRIC NEAT PI AND
P1/ZIF-8 MIXED MATRIX MEMBRANES PRODUCED BY
SOLVENT EVAPORATION

In this chapter, sorption capacity of symmetric dense Pl membrane and the
symmetric PI/ZIF-8 membrane have been presented. Pure CO», pure CHs and
mixture of these two gases at three different compositions namely 30% CO2-70%
CHa, 50% C0O2-50% CHy4, 70% C0O2-30% CHs were selected as sorption feed. The
ZIF-8 content of the membrane and the mixture composition of sorption feed are
two important parameters whose influence on sorption capacity have been

investigated.

The sorption capacity is very important to make sense of the selectivity of
the polymeric membrane. The gas separation performance of a polymer is related
to the selectivity of that polymer. In the formation of the permeability selectivity,
the selectivity of the diffusion and the selectivity of the solubility are equally
important. Furthermore, gas transport through a membrane begins with sorption of
gases by the surface of membrane exposed to high pressure of penetrant gases.

Thus, sorption is initiation step for gas transport.

This study is the first in which the effect of ZIF-8 content on sorption
capacity of Matrimid membrane has been examined.

5.1 Theoretical Background about Sorption Mechanism of Polymers

The amount of gas molecules permeated into a polymer is referred as
“sorption” (Loat 2001). There are several different sorption models studied in the
literature. Among them free volume theory (Zielinski and Duda 1996) is suitable
for rubbery polymers while macroscopic and lattice theory (Baschetti, Doghieri and
Sarti, 1996; Conforti et al. 1991; Lipscomb 1990; Boudouris and Panayiotou 1998,

Rein et al. 1992) have been developed to explain sorption mechanism in glassy
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polymers. The dual mode sorption theory has been the most preferred and widely
used model because of both its simplicity and constancy with experimental sorption
data of glassy polymers up to 30 bars for several gases (Loat 2001). The most
important reason of widely acceptance of dual model in glassy polymers is that the
unrelaxed volume also takes part in this model (Koros et al., 1981). This model is
also very successful to explain the sorption mechanism in our PI/ZIF-8/CO2/CH4
system, because Matrimid is a kind of glassy polymer and test pressure is below 10
bar. Therefore, only dual-mode sorption theory was discussed and studied in this

study.

5.1.1 Dual Mode Sorption Model

A homogeneous glassy polymer is consisting of two different volumes. The
dense polymer packing region constitutes the Henry- type sorption region which is
smaller than Langmuir sites. Lower density region or unrelaxed gap originated
from fixed microvoids during restriction of chain mobility. This region constitutes
the Langmuir sites which are larger and variable in size. The small-scale
inhomogeneity in the polymer matrix determines the non-equilibrium characteristic
of materials (Loat 2001, Koros and Paul 1978).

In Figure 5.1, the unrelaxed volume change of the glassy polymer as a
function of the temperature was given. As indicated, the non-equilibrium excess-
free volume increases with Tg at a given temperature. Generally, the gas sorption
capacity of glassy polymer is higher than that of rubbery polymer. This is attributed
to additional excess-free volume in the glassy polymer (Kanehashi and Nagai
2005). In glassy polymers, the reason for the absorption curves extending concave
to the pressure axis originates from this variable volume state of the glassy
polymers. As the pressure increases to a certain pressure level, this variable volume
that is not in equilibrium begins to saturate and the solubility decreases. The
permeability, which is the product of the solubility and the diffusion, decreases as
the pressure increases. When the glass transition temperature is exceeded, all chains
have sufficient mobility and the sorption isotherms are obtained as straight line,

which is a characteristic to the Henry-type absorption model. Thus permeability
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becomes independent of pressure (Koros et al., 1981). The polymer structure and
thermal history are two important factors determine the amount of unrelaxed free

volume in a glassy polymer (Wind et al. 2003).

Glassy Ty Rubbery

The excess free volume;
adsorption obeyed

qE’ Langmuir in microvoids
=
o
>
[
o Vg H
- i Overall free volume
(77) in polymer
@
E V l
>
(o]
=8
Vo

Occupied Volume

Temperature

Figure 5.1 Hypothetical unrelaxed excess free volume (Vg¢-V) of a glassy polymer
as a function of temperature (where Vg is symbolized actual glassy volume and V,
is symbolized densified glassy volume) (Kanehashi and Nagai 2005).

In dual mode sorption model, Henry type sorption is active in polymer
matrix. Henry-type gas sorption is resembled to gas dissolution in a liquid where
solubility or sorption concentration linearly increases with pressure (Li, Chung and
Paul 2013, Punsalan and Koros 2004). Langmuir type sorption is dominated in
excess free volume of polymer and Langmuir-type sorption is resembled a hole-
filling process, hence it has a capacity limit (means no further increase in sorption
capacity despite increase in pressure) (Li, Chung and Paul 2013, Punsalan and
Koros 2004). A schematic representation of the dual-mode absorption mechanism
is given in Figure 5.2. In this model, isotherms extend concave to the pressure axis.
The dual mode sorption mechanism model successfully explains the change in gas
permeability to a wide range of glassy polymers (Chen et al. 1997; Tsujita 2003) in

the absence of plasticization or swelling at moderate pressure (Chern et al. 1984).
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Figure 5.2 Schematic presentation of sorption mechanism (a) Henry-type sorption,
(b) Langmuir-type sorption, (c) dual-mode sorption model (Tsujita 2003).

In the original dual-mode model firstly suggested by Barrer et al. 1958, it
was assumed that the molecules sorbed in the Langmuir region were immobilized
and did not have effect on the diffusive flux. Later on, this model was modified and
it was admitted that molecules sorbed both Henry side and Langmuir side are
mobile. Hence this model is also known as dual-mobility or partial-immobilization-
model (Loat 2001).

The dual-mode sorption model can be presented by Egn. 5.1 where C is the
dual-mode sorption capacity and equal to the summation of Cp, Henry-type sorption
capacity and Cn, Langmuir-type sorption capacity. P is pressure and kp, b, Cj; are
the coefficients of Henry type and Langmuir type sorption model, respectively
(Tsujita 2003, Koros et al., 1981).

Cﬁbp
1+pb
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Cp is the concentration of the gas in the polymer matrix and increases
proportionally with Henry's law solubility constant (kp) as the pressure increases
(Scholes et al., 2010). At constant temperature, the deviation from the linear Henry-
type sorption curve is directly proportional to the condensation tendency of the
absorbed molecule. Condensation tendency is characterized by the critical
temperature or Leonard-Jones potential-well depth of the absorbed molecule. For
example, when Helium's absorption curve in polycarbonate is examined, it was
noticed negligible concavity, while CO2 and heavy hydrocarbons (high
condensation tendency) show a significant degree of concavity at low and moderate
pressure range (Koros et al., 1981). kp is related to penetrant-polymer interaction
and thermodynamic properties of penetrant such as critical temperature, and
Lennard-Jones force constant etc. kp can be expressed as in the Eqn. 5.2, where
is polymer-penetrant interaction parameter (Flory-Huggins theory) and it is related
to solubility parameters of polymer and penetrants. V is the molar volume of
penetrant and e/x is the Lennard-Jones potential well depth parameter, which

measures the condensability of gases (Muruganandam et al. 1987).

—1—)(+0.0255£/K) Eqn. 5.2

kp = exp( ”

The Langmuir capacity constant, Cy , is related to the total sorption
capacity of unrelaxed gap in glassy polymer for a certain molecules. The unrelaxed
gas of a particular polymer at a specific temperature is essentially constant. The
main reason of the difference in the Langmuir capacity constant between different
gas molecules is the diversity of the sorption density of gas molecules at the
saturation point of Langmuir side (Koros et al., 1981). Cy; , can be calculated by
using Eqn. 5.3. Vg represents the actual glassy volume and V, is volume at liquid
state or densified glassy volume. The difference (Vg-V)) is the unrelaxed volume.
And V is the molar volume of the absorbed gas molecules (Koros and Paul 1978,
Tsujita 2003, Masi et al. 1982). The Langmuir affinity constant ‘b’ is related to the
tendency of the molecule to absorb in Langmuir mode. The Langmuir affinity
constant (b) of non-condensable molecules such as helium or hydrogen is very

small, while easily condensable polar or polarizable molecules have high ‘b’ (Koros
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et al. 1981). In other words, “b” increases with tendency of condensability of
penetrant gases and can be associated with Lennard-Jones parameter (&/k)
(Muruganandam et al. 1987). “b” is mainly depend on gas type but slightly related
to polymer structure (Masi, Paul and Barlow 1982). Dual mode sorption
coefficients (kp, b, Cy;) can be obtained by graphical interpolation or linear least
square methods based on experimental data of concentration as a function of
pressure (Loat 2001).

ch = BV 240 ggn53

Vg Vp

Although it is commonly used, the dual-sorption-model has many aspects
that are open to debate. One of the debated points is the existence of two different
sorption sides. Sefcik and Schaefer, 1983; Higuchi and Nakagawa, 1994; Cain et
al., 1991 tried to verify the existence of two distinct sorption sides Langmuir and
Henry. They could not observe two distinct peak from NMR or FTIR spectrum.
Hence if there are two distinct sorption sides, they should have similar
spectroscopic property. On the other hand, Koros and Paul 1978 proved two distinct
sorption sides. In this study, CO2 sorption capacity of PET were measured [above
and below the Tg (85 °C)]. Below Tg of PET, dual-mode sorption isotherm was
obtained. Above Tg, only Henry-type sorption isotherm was obtained, because
above Tg, mobilization of frozen backbone segments of the polymers led to
disappearance of Langmuir-type sorption sides. Another weakness of the model is
that it is only an empirical model and does not rely on any physical interpretations.
The model parameters are strongly based on curve fitting method or initial guess.
In this model, several parameters effecting the sorption properties of polymer such
as relaxation time of the polymer chains, physical aging, structure or morphology
of polymer, which is changing during experiment based on test duration or

operating pressure, are not considered (Loat 2001).

In sorption studies, sometimes sorption capacity can be expressed by term
solubility. The solubility of the gas in the polymer is expressed by the formula S =

C / f. Cis the ratio of the amount of sorbed gas to the polymer volume, and f is the
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fugacity of the gas in contact with the polymer. For ideal gas, operating pressure
(P) can be used instead of fugacity (f) (Raharjo et al., 2007, Chen et al. 1997).

5.1.2 Parameters Effect on Sorption Capacity

Both test conditions and polymer pre-treatment conditions alter the sorption
capacity of polymer irreversibly. Heating polymer above Tg and then cooling to
well below the Tg slowly, leads to decrease in the unrelaxed volume, hence sorption
capacity decreased. Unrelaxed volume capacity is thermal history dependent
(Koros and Paul 1978). It was also reported annealing just below the Tg leads to
decrease enthalpy of quenched glassy polymer as well as excess volume (Chan and
Paul 1979).

Moreover, operation or sorption test temperature is an important parameter,
since the sorption enthalpy of gases by polymers is negative, in other word sorption
process is exothermic. Hence the extend of gas sorption decreases gradually with
temperature increase. The temperature dependence of solubility can be expressed
by van’t Hoff Equation as given in Eqn. 5.4. In this equation So is pre-exponential
and AHsis heat of sorption which is the summation of the enthalpy of condensation
of the gas (AHcond) and the partial molar heat of mixing between the gas and polymer
(AHmix) can be seen in Eqgn. 5.5. When the interaction between penetrant and
polymer is weak, AHmix iS positive. For noble gases (such as Hz, He, N2, and Oz2)
which are well above their critical temperature, AHcond Values are negligibly small
compared to AHmix. FOr these gases, sorption capacity increases with temperature
since the AHs is positive for those. However, for easy condensable gases such as
CO2, CHa, SOz, NHs and several hydrocarbons, AHcond IS Very large and negative.
Therefore, AHs is negative and sorption capacity or solubility decreases with
increasing temperature. Moreover, penetrants condensability decreases as the
temperature increases (Loat 2001, Costello and Koros 1994). Solubility selectivity
(Sa/Se) is also affected by change in temperature because interaction between
polymer and penetrant changes depending on temperature. Moreover, the gases
with low critical temperature are less affected by temperature increase than gases

with high critical temperature (Costello and Koros 1994).
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T

S = Soexp( = ) Eqn. 5.4

AHS:AHcond + AHmix Eqn 55

The relative contribution of Langmuir term parameters reduces with

increase in pressure as well as increase in temperature (Li, Chung and Paul, 2014).

Modifications in polymer also alter sorption extent. For example, aromatic
group substitution in bisphonel-A connector in PC and PSF or replacement of
fluorene group with isopropylidene unit in both PC and PSF increases the dual-
mode sorption constants. Higher fractional free volume (FFV) associated with
higher extent of sorption capacity. It was reported that kp increases with FFV for
broad range of polysulfones. Any modifications in polymer which results in
increment in Tg leads to increase in Cj; value (Aguilar-Vega and Paul, 1993, Pixton
and Paul 1995). Conditioning history of polymeric membrane is another parameter
affecting sorption capacity. Exposure of certain chemical environment (for example
CO- above 20 atm for a certain time) may lead to increase in excess volume (Chan
and Paul 1979, Punsalan and Koros 2005, Muruganandam et al. 1987) or
redistribution of the unrelaxed volume. Koros and Paul 1978 reported that exposing
the high —pressure CO- for a reasonable time period led to increase the Langmuir
capacity of PET. Generally, very long evacuation period (longer than 24 hour) is
required to relax polymer and return to the original stage of the polymer. Polymers
with dipolar oxygen-containing functional group are more tend to be affected from
CO- conditioning (Puleo et al. 1989).

5.1.3 Mixed Gas Sorption in Glassy Polymer

Sorption capacity diminishes due to competition of penetrants for unrelaxed

volume fraction of the glassy polymer which is limited in size (Koros et al. 1981).

Koros 1980 tried to generalize dual-mode sorption theory for binary gas
mixtures. Based on this study, Henry-type sorption capacity of a binary mixtures
(A+B) was calculated by Egn. 5.6. Authors assumed that the components of the

binary gas mixtures sorbed independently.
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Probably, they thought that the competition of the penetrants was only for
Langmuir side. The Henry-type sorption concentration or each component, Cp, 4 or

Cp p , Was taken directly proportional to its partial pressure.
Cp = Cpa+ Cpp = Pakpa+pskpp Eqgn. 5.6

Langmuir-type competitive sorption of binary gases expressed
mathematically based on relations developed for competitive sorption of gases on
catalysts (Koros 1980). The following mathematical expressions were for
theoretical estimation of Langmuir side sorption concentration for binary gas
mixtures. Eqgn. 5.7 provided the fraction of unrelaxed volume taken by component
A (6,) and component B (6z), where ba and bg are Langmuir affinity constant of

pure A and pure B, respectively.

bapa bp pp
Oy=—"F"-"—— , g=—"T—"— Eqn. 5.7
A7 1+ bapatbppp B 1+ bppptbava a
} _ Cua/pPx
(6,4) or (B5) can also be expressed; 8, = ——*=
CralPao

Where Cy, /p2 is the unrelaxed volume occupied by component A and Cj;4/pao iS

the total unrelaxed volume.

e (ya; concentration of component A in the Langmuir mode

e p, ; effective molar density of component A in the Langmuir mode in the
presence of component B

e Cj;, ; Langmuir capacity constant for pure A

® pao ;effective molar density of pure component A in the Langmuir mode

Author assumed that p; = pj, based on his experience. Hence< Langmuir-type
sorption isotherm of component A in the presence of component B is as the given
in Eqn. 5.8.

Eqgn. 5.8;

Cya = C;IAbAPA/(l + byPy + bBPB); Cyp = CII-IBbBPB/(l + byPy + bBPB)
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Total mixture sorption capacity, component A sorption capacity in the existence of
B and component B sorption capacity in the existence of polymers can be expressed

by Eqn. 5.9, Eqgn. 5.10, and Eqn. 5.11, respectively.

_ CiabaAPA+CligbpPR
C = PAkD,A + PBkD,B + (1+b 1P a+bgPg) Eqn 59
_ _ CHabaPa
Cajp = Pakpa+ (L3P +D5PE) Eqgn. 5.10
_ ChpbBPB
Cpla = Pgkpp + (L7baPatboPy) Eqgn.5.11

The extended dual-mode sorption mechanism of mixture sorption of glassy
polymer is simple and logical model but has a weakness; all sorption constants (kp,
b, Cj) used in model belong to the pure components. Author assumed that
plasticizing effect or penetrant-penetrant interaction effect on dual-mode

parameters are negligible.

5.1.4 A Brief Literature Survey About CO2 and CHa4 Sorption Capacity of
Pl Membranes and ZIF-8 Crystals

The purpose of this part of the study is to summarize sorption properties of
Pl and ZIF-8 introduced in the literature. There are different kinds of polyimides,
and information provided in this part give a general idea or aspect about sorption
behavior our polymer and our sorption test results. Table 5.1 is presented the CO>
and CHs sorption extents of different kind of PI membranes and Table 5.2 is
depicted dual-mode sorption parameters reported in the literature. The studies listed
in Table 5.1 and discussed in the following pages were carried out for single gas

sorption test.

Wind et al. 2003 studied CO> sorption behavior of 6FDA-DAM:DABA 2:1
type polyimide membranes. Effect of thermal treatment and cross-linking treatment
on extent of sorption were also within the scope of this research. The CO. sorption
capacity of the 6FDA-DAM:DABA 2:1 films with free carboxylic acid groups and
CHDM groups tend to decrease with thermal treatments. The total sorption capacity
of 6FDA-DAM:DABA 2:1 with CHDM monoesters was lower than that of 6FDA-
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DAM:DABA 2:1 with free acids. Both Henry and Langmuir capacity constants
decreased with increase in temperature of thermal treatments for free carboxylic
acid groups. Langmuir capacity constant increased with annealing temperature for
CHDM monoesters (Table 5.2).

In study by Moore and Koros 2007, researchers measured the sorption
capacity inorganic fillers (HSSZ-13 and Zeolite-4A), polymers (ULTEM and
Matrimid) and mixed matrix membranes made up of these fillers and ULTEM in
order to signify gas sorption mechanism in mixed matrix membranes. Sorption
extent of CO2 and CHa in Matrimid at 35 °C were listed in Table 5.1 Both CO; and
CHs sorption in Matrimid followed dual-mode sorption behavior (the percent
increase in sorption extent decreases with increase in pressure), but the reduction in
the increment in sorption extent with pressure is more significant for CHs. The dual-

mode parameters determined by fitting the isotherm was provided in Table 5.2.

The sorption capacity of mixed matrix membranes can be simply estimated
by addition of sorption capacity of polymer and filler with proportional to their
volume faction as shown in Eqn. 5.12 (Moore and Koros, 2007). In this estimation,
interfacial effects between sieve and polymer and contamination of sieve did not

take into account.
CMMM: Cpolymer (I)polymer + Cfiller (I)filler; (I) VOIumetriC fl‘aCtion Eqn 512

Moore and Koros 2007 tested the validity of this simple estimation method
by comparing experimental N2 and O sorption isoterms of the ULTEM / HSSZ-13
mixed matrix membrane and the O sorption isotherms of the ULTEM-Zeolite-4A
mixed matrix membrane. It was concluded that estimated isotherms based on Eqn.
5.12 overlapped with experimental results in the ULTEM-HSSZ-13 mixed matrix
membrane. However, the predicted O> sorption curves of ULTEM-Zeolite-4A
mixed matrix membranes did not overlap experimental data. As the annealing
temperature of the membrane increased, the experimental adsorption isotherms
approached the estimated values based on the calculations. It was believed that this

was due to the fact that Zeolite-4A was much more affected by the presence of

221



moisture, chemical contaminants or residual solvents compared to the HSSZ-13
(Moore and Koros, 2007). Authors was noted that the mixed matrix membrane
could show a lower permeability than the estimated value due to the chain
rigidification of polymer matrix near the sieve. However, according to the authors,
polymer matrix rigidification near sieve could not make a measurable change in
sorption data. As a conclude, this simple estimation (Eqn 5.12) works for some

mixed matrix membranes but does not valid for some others.

O'Brain and Koros 1987 was measured the sorption capacity of the PMDA-
ODA synthesized in laboratories and compared the extent of the sorption with
commercially Kapton polyimide film which had the same chemical structure. As
depicted in Table 5.1, gas sorption capacity of the polyimide (PMDA-ODA)
produced in the laboratory environment is higher than that of the commercially
available polyimide film. Authors suggested that the high sorption capacity arose
from annealing in a vacuum environment for 24 hours at 210 ° C for 4 hours at 280
° C. As the pressure increases, the difference between the absorption capacities of
Kapton polyimide and PMDA-ODA increases. At 10 atm pressure, PMDA-ODA
absorbs 68% of CO2 and 50% more of CH4 than does Kapton polyimide. At 10 atm,
the CO2 permeability of PMDA-ODA is 3 Barrer while that of Kapton polyimide
0.35 Barrer. The enhancement in sorption capacity led to increase in permeability
tenfold. On the other hand, CO2/CHjs selectivity of Kapton polyimide is 25% higher
than that of PMDA-ODA.

Costello and Koros 1995 studied sorption characteristic of two polyimide
isomers 6FDA-6FpDA (with 320 °C Tg and 0.272 FFV) and 6FDA-6FmMDA (with
254 °C Tg and 0.225 FFV) and the sorption extents were given in Table 5.1. At low
temperature (35 °C), both showed high level of sorption with characteristic non-
linear sorption isotherms. The higher sorption extent of 6FDA-6FpDA was
explained by more open para-connected structure. Authors also repeated sorption
test at 200 °C and reported that at high temperature, non-linearity of isotherm
disappeared and sorption amount of two isomers became close to each other. Dual-

mode sorption parameters depending on temperature were given in Table 5.2. All
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three dual-mode parameters decreased with temperature increase. This
phenomenon is related to both exothermic nature of sorption process and also

relaxation of non-equilibrium voids of the polymer matrix.

Chung et al., 2003 investigated the sorption behavior of Matrimid 5218 in
the existence of Ceo filler. Table 5.1 showed CH4 and CO> sorption isotherm of both
neat Matrimid and Matrimid/%5 Ceo mixed matrix membrane. The CHs sorption
capacity of membrane was reduced by 14% while the CO sorption capacity of that
was reduced by 18% due to existence of Ceo filler. The decrease in sorption capacity
was attributed to the rigidification of polymer chain due to Ceo. The rigidification
of the polymer chain was also confirmed by increased Tg and density values due to
the presence of Ceo (Chung et al., 2003).

Dual-mode model parameters were given in Table 5.2. The presence of Ceo
influenced Langmuir type sorption parameters more than Henry type sorption
parameters. The presence of Ceo reduced Henry's sorption constant of CO by 2%,
while increased Henry's sorption constant of CHs by 46%. The Langmuir capacity
constant ( Cy) decreased by 18% for CO2 and by 27% for CH4. The Langmuir
tendency coefficient b decreased by 32% for CO2 and by 22% for CHa. The
decrease in Langmuir constants has strengthened the interpretation that the Ceo filler
modified with benzyl reduced the non-equilibrium free volume of the polymer since
Langmuir type sorption is related to the free volume of the polymer. The
permeability properties of Matrimid/ Ceo membrane were tested for CO2, Oz, No,
He and CHjs single gas test. The ideals selectivity did not change. However, the
permability of each single gas decreased with Ceo loadig. For example, CO2
permeability decreased from 7.15 to 3.79 Barrer due to 10% Ceo loading.

Smith et al. 2012 investigated the effect of thermal rearrangement on the
sorption capacity and solvent resistance of the HAB-6FDA type polyimide. Gas
Sorption capacity of HAB-6FDA type polyimide, whose CO, and CH4 sorption
extents indicated in Table 5.1, increased due to thermal rearrangement. The increase
in sorption capacity in CHs due to thermal rearrangement was more than that

observed in CO2. When the sorption capacity of PI membrane with 30 min. 450 °C
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thermally rearranged compared to that of un-treated PlI membrane, 75 % increase
in CO2 while 160% increase in CH4 sorption capacity were noted. CO2/CH4
solubility selectivity decreased from 3.5 to 2.8. This reduction was attributed to the
loss of the polar groups of the polymer during thermal rearrangement. During
thermal regeneration, the HAB-6FDA lost its acetate and carboxyl groups. Hence,
the increase in the polar CO2 sorption capacity of polymer with degrading polar

groups was not as high as nonpolar CH4 (Smith et al., 2012).

Smith et al. 2012 investigated also impact of thermal rearrangement on the
dual-mode sorption coefficients. The calculated values were listed in Table 5.2. As
the thermal regulation temperature increased, the Langmuir type sorption
coefficient Cy; increased. For methane, this value increased by 350% for 30
minutes at 450 °C, while it increased by 75% for CO2. The Langmuir absorption
capacity parameter is related to non-equilibrium excess free-volume for glassy
polymers. Thus, the increase in this parameter was interpreted as the increase in the

excess free-volume of the polymer due to thermal rearrangement.
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Table 5.1 Comparision of sorption capacity of CO2 and CHg in different kind of
Pl membranes at 35 °C.

Material Operating Sorption
Pressure Capacity
(atm.) (cm? (STP)/(cm® References
polymer)) (COy)
2.5 37
5.7 50
6FDA-DAM:DABA 9.2 62.5
2:1 14 75
(free acid-130° C) 19.2 93
24 103.6
325 171.4
1.3 27.8
7.1 53.1
6FDA-DAM:DABA
13 68.8
2:1
_ 19.2 80
(free acid-220° C)
25 90
325 164.3 Wind et al. 2003
2.1 22
6.2 40
6FDA-DAM:DABA 12 52.5
2:1 (CHDM-100°C) 20 67.5
26.2 79
33.3 97
2.1 22
6.2 36.5
6FDA-DAM:DABA 12 475
2:1 (CHDM-220°C) 18 56.2
23.8 65
31 78
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Table 5.1 (Cont.) Comparision of sorption capacity of CO2 and CHas in different
kind of PI membranes at 35 °C.

Operating Sorption Capacity
_ Pressure (cm3 (STP)/(cm?
Material References
(atm.) polymer))
CO2 | CH4 CO2 CHa4
1.8 4 10.5 4.5
4 9.5 21 8
o 7 15.5 28 11 Moore and
Matrimid
12 20.8 37 12 Koros 2007
17 22 45.5 13
21 29 51 14
15 2 15 2.2
3.8 4 225 5
4.6 55 26 6.5
PMDA-ODA
7.8 8 31 7.5
9.5 9 36 8.5
O'Brain and
10 9.2
Koros 1987
1 3 4.5 2.5
2 5 9 3.9
Kapton
o 55 7 17 5
polyimide
10 9 21.7 5.8
- 11 6.5
0.8 - 13.3 -
2.5 24.9
Costello and
6FDA-6FpDA 4.3 32.5
Koros 1995
6.2 395
8.3 45
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Table 5.1 (Cont.) Comparision of sorption capacity of CO2 and CHas in different
kind of PI membranes at 35 °C.

Operating ) )
Sorption Capacity
) Pressure
Material (cm?3 (STP)/(cm? polymer)) | References
(atm.)
CO2 | CH4 CO2 CHa4
1.1 - 10 -
2.8 175
Costello and
6FDA-6FMDA | 4.75 22
Koros 1995
6.7 26.7
9 30
1 16 2
4.5 31 8
7.8 41 11
Matrimid 11.1 47 14
(23°C) 14.5 52 16
18 58 17.7
215 63 18.5
25 68 20 Chung et al.
1 11 1 2003
4.5 25 6
7.8 31 8.5
Matrimid / Ceo 11.1 40 11.5
(23°C) 14.5 45 14
18 51 15.5
215 56 17
25 60 18
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Table 5.1 (Cont.) Comparision of sorption capacity of CO2 and CHjs in different
kind of PI membranes at 35 °C.

Operating Sorption Capacity
_ Pressure | (cm® (STP)/(cm? polymer))
Material References
(atm.)
CO2 | CHa4 CO2 CHg4
1.3 4 15 5.5
4.5 9 25 11
7.5 15 35 15
HAB-6FDA PI 11 22 42.5 17.5
16 27 52.5 18.75
22 - 61 -
26 69 Smith et al.
15 35 27.5 15 2012
HAB-6FDA PI 4 8.5 48.3 25
Thermally 7 15 62 34
rearranged 11 21.5 71 40
TR450°C30 | 16.1 | 27 82.5 43.3
min 22 - 94 -
27 100
1.7 - 6.7 -
3.3 12
6 17.5
Matrimid i o Simons et al.
(2um) 51 30E 2010
31 46
41 55
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Table 5.2 Dual-mode sorption constants of polyimide for CO, and CHas. The
parameters obtained from isotherm at 35 °C unless otherwise specified.

Kp
(cm® Ch
(STP)/(cm? (em® b
Membrane | Penetrant cm
olymer (STP)/(cm® | (1/atm) Reference
olymer
atm)) polymer))
6FDA- CO; 2.23 54.2 0.454
DAM:DA
BA 2:1
(free acid-
130° C)
6FDA- 1.77 46.6 0.689
DAM:DA
BA 2:1
(fzrgg ?%;j Wind et al.
6FDA- 1.82 31.1 0.51 2003
DAM:DA
BA 2:1
(CHDM-
100° C)
6FDA- 1.36 37.0 0.58
DAM:DA
BA 2:1
(CHDM-
220° C)
CO, 1.44 25.5 0.367 Moore and
Matrimid CHa 0.136 143 0.105 | Koros 2007
35°C | CO, 2.3 31 0.69
75°C
6EDA.- 1.1 23 0.25
6FpDA 100°C 0.64 23 0.13 c '
ostello
120°C 0.68 16 0.11 4K
and Koros
35°C | CO, 1.4 22 0.60 1995
75°C
6EDA.- 0.7 16 0.23
6FmMDA 100°C 0.75 5.8 0.31
120°C 0.67 3.2 0.33
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Table 5.2 (Cont.) Dual-mode sorption constants of polyimide for CO, and CHa.
The parameters obtained from isotherm at 35 °C unless otherwise specified.

kp
(Cm3 CH
(STP)/(cm? (em® b
Membrane | Penetrant cm
Solymer (STP)/(cm® | (1/atm) Reference
olymer))
atm)) POy
Matrimid CO2 1.416 35.0 0.702
CHa 0.249 17.7 0.136 | Chung et
Matrimid+%5 CO2 1.389 28.5 0.476 al. 2003
Ceo CHg4 0.364 12.9 0.106
HAB-6FDA CO; 1.4 35 0.34
Pl CH4 0.44 11 0.11 Smith et
HAB-6FDA CO: 1.6 62 0.53 al. 2012
PITR450°C
30 min CHs 0.49 36 0.16

Punsalan and Koros 2005 showed that thickness of polyimide membrane
has also influence sorption behavior and extent. In this study, CH4 solubility in
polyimide membrane with two different thickness (0.1 um and 25 pum) was
measured and compared. Since the active selective dense skin layer of asymmetric
gas separation membrane is not more than 0.1 um, sorption behavior of thin layer
iIs meaningful. Previously, Weesling et al. 2001 showed that thin polymeric
materials could plasticize at lower pressures than thick polymeric film. Sirard et al.
2001 induced that thin polymeric films can sorb differently from thick polymeric
film made of the same polymer. Simons et al. 2010 studied the sorption behavior of
Matrimid with thickness of 2 um via Spectroscopic Ellipsometer. As listed in Table
5.2, the reported CO> sorption extent values were significantly lower than the values

reported by Moore and Koros 2007.

The CHa sorption extent of thin Matrimid was lower than that of thick

Matrimid. Moreover, thin film sorption capacity was affected by aging more than
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the sorption capacity of thick film. The slope of the sorption isotherms at higher
pressure regime (in the linear region) was equal to Henry- type sorption law
coefficient (kp). The slope of the isotherm at high pressure region was identical for
both isotherms and this behavior is compatible with theory that kp value is an
intrinsic polymer-penetrant parameter. The Langmuir sorption capacity of the
thinner films was lower than that of the thicker films. Therefore, it was deduced
that the excess free volume (unrelaxed volume) of the thick dense film was higher
than that of thin dense film. Authors explained this phenomenon by the free-volume

diffusion theory (Punsalan and Koros 2005).

Vopicka et al. 2014 studied the sorption capacity of CO2/CHs mixture by a
glassy microporous polymer (PIM-1). Although (PIM-1) was not within the scope
of this research, this study is very enlightening for understanding the sorption
behavior of glassy polymer in the presence of the second penetrant. Feed
composition dependent sorption isotherms are given in Figure 5.3. In the presence
of the second penetrant, the sorption capacity of the polymer for each gas pair is
lower than that of the pure states. This decrease in gas solubility is much more
significant in methane. For example, at 10 atm, the CH4 sorption capacity decreased
from 40 (cm® STP/cm® polymer) to 10 (cm® STP/cm® polymer) as CO:
concentration increased from 0 to 49% in the sorption mixture. The percent
decrease in methane sorption capacity was approximately 75%. To get same percent
decrease in sorption capacity of CO2, the methane content of the mixture should be
80% at 10 atm. The suppression in sorption capacity of gases in the presence of the
second penetrants is because of the competition between the penetrants (Vopicka et
al., 2014).
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Figure 5.3 CO2 and CHj4 sorption isotherms of PIM-1 for different mixing ratio of
these two gases at 35 °C. (Vopicka et al. 2014).

5.1.5 CHasand CO2 Sorption Behavior of ZIF-8

In the present study, ZIF-8 crystals were used to improve the sorption

capacity of symmetric Pl dense film membranes.

Metal organic frameworks (MOFs) are widely studied in scientific
community, because the possibility of adapting the pores size and functional groups
of these materials provides an opportunity for wide variety of applications. ZIFs are
particular class of MOFs and their strong bonds between metal ions and imidazole
group provides high thermal and moisture stability. The M-Im-M units in ZIFs,
which are longer than the Si-O-Si units in Zeolite, provide larger cavities of ZIFs
than those of corresponding Zeolites. The larger pore volumes result in higher
sorption capacity. Moreover, the affinity of ZIFs for some specific molecules can
be tunable by interposing functional groups to the imidazole links (Pérez-Pellitero
et al., 2010, Zhang et al. 2014, Zhang et al. 2013). The ZIF-8 is better than many
other MOFs in terms of gas storage capacity. Moreover, its hydrophobicity and high
stability against moisture compared to other MOFs make it attractive in terms of industrial

application (McEwen et al. 2013).

The CO2/CHg separation is one of the application field of ZIF-8. The sieve

aperture of ZIF-8 is approximately 3.4 A, whereas the kinetic diameter of CO and
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CHg are 3.3 A and 3.8 A, respectively. Therefore, high CO2/CH4 selectivity is
expected. However, because of the flexible nature of ZIF-8’s aperture leads to

moderate selectivity (Zhang et al. 2014, Fairen-Jimenez et al., 2011).

Figure 5.4 presented the adsorption isotherms of ZIF-8 for CO2, CH4 and N>
at 30°C. The CO; sorption capacity of ZIF-8 is higher than that of CH4 (Pérez-
Pellitero et al., 2010). Polar nature of carbon-oxygen bonds in CO. (Venna and
Carreon 2010) and high quadrupole moment of CO> (Banerjee et al., 2009) favors
the adsorption by polar ZIF-8 walls. At 100 kPa (1bar) and at room temperature,
CO./CH4 adsorption selectivity of ZIF-8 was reported approximately 14 (Venna
and Carreon, 2010). The study carried by McEven et al. 2013 conflicted with Venna
and Carreon, 2010 findings and reported that CO,/CH4 adsorption selectivity was
2.75 at 1 bar and at 25 °C. At low pressures, ZIF-8 shows low CO2/CHjs selectivity,
however at high pressures, ZIF-8s can provide better CO2/CHs; separation
performance thanks to its large pore volume and less requirements of activation

energy (McEven et al. 2013).
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Figure 5.4 CO- (o), CHs (m) and N2 (A) adsorption isotherms of ZIF-8 at 30 °C.
Symbols showed simulation results and lines showed experimental results (Pérez-
Pellitero et al., 2010).
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Zhang et al. 2013 improved the CO sorption capacity of ZIF-8s by
modifying synthesized ZIF-8s with ethylenediamine linker. The sorption extent of
CO2in ZIF-8 increased by 80% at 5 bar and the enhancement was increased with
pressure. The enhancement of the CO- sorption capacity of ZIF-8 was explained by
the increased basicity of ZIF-8 and introducing N-H group due to ethylenediamine

linker.

5.2 Materials and Experimental Methods of PI Membrane Production and

Sorption Test
5.2.1 Materials

Polyimide resin, Matrimid ®5218 with 1.2 g/cm?® density, 588,000 g/mol
molecular weight and 305°C glass transition temperature (Tg) was used as polymer,
further detail about the polymer can be found in Chapter 3.2. N,N-
Dimethylformamide (DMF) with high purity (>99%) was used as solvent and
provided by Sigma-Aldrich. ZIF-8 with 65 nm average particle size was used as
filler. The details of ZIF-8 synthesis and pre-treatment procedures were already
expressed in Chapter 2. ZIF-8 crystals were used after thermal annealing

(Treatment Type-3).

5.2.2 Preparation of Dense Symmetric neat Pl and P1/ZIF-8 Membranes

via Solvent Evaporation

The neat dense symmetric PI membranes were produced by solvent
evaporation method. For this purpose, a homogeneous polymer (17.4 wt.%)
solution consisting of 2 g. Pl and 10 ml (9.5 g.) DMF was prepared. Pl was kept at
80°C overnight in order to remove humidity before mixing solvent. The PI-DMF
solution was stirred by a magnetic stirrer at 300 rpm and at room temperature. The
essential amount of Pl was primed in three steps to avoid agglomeration and sudden
increase of viscosity. Between each steps, the solution was ultrasonicated for 10
min in order to ease the dispersion and to provide degassing. The homogeneous PI-
DMF (17.4 wt.%) was poured on a glass plate by automatic film applicator. The
thickness of casting film was adjusted by doctor-blade as 500 pum. The solvent DMF
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was then removed from casting film by standing it at oven for 7-8 hours, at 80 °C
and under vacuum atmosphere. After 7 or 8 hours, the membrane film was peeled
off from the glass plate and was annealed at 100 °C under nitrogen atmosphere at

least one week.

In order to prepare PI/ZIF-8 dense symmetric mixed matrix membrane,
ZIF-8 at 10% or 20% by mass of the polyimide was dispersed in 9.5 g DMF solvent.
Before adding ZIF-8 with 65 nm average particle size, ZIF-8 crystals treated
thermally as explained in Chapter 4 in detail. The ZIF-8/DMF solution was stirred
at 300 rmp and at room temperature. The necessary amount of ZIF-8 was added at
three or four step based on the amount. The solution was ultrasonicated for 30 min
between each step. The homogeneous dispersion of ZIF-8 took at least two days.
After dispersion of necessary amount of ZIF-8 in the 9.5 g DMF solvent, the 2 g.
of Pl was added in three steps; 15 wt.% of total P1, 35 wt.% of total PI, and 50 wt.%
of total PI, respectively. Before each addition, membrane solution was
ultrasonicated for 10 minutes. The casting and annealing methodologies of mixed

matrix PI/ZIF-8 membranes were the same as those of neat Pl membranes.

5.2.3 Experimental Test Set-up and Sorption Test

Gas sorption test can be carried out in several ways. Most common two are
gravimetric sorption and pressure-decay sorption. Gravimetric sorption test is
suitable for highly sorbing gases and vapors and low pressures. Pressure decay
sorption test is widely preferred for low sorbing gases and high pressure tests
(Moore and Koros 2007).

Pressure decay sorption test is more suitable for our low sorbing gases and
our moderate pressures (1-10 bar). The sorption test set-up installed in this study
was dual-volume and dual-transducer system as suggested by Koros and Paul 1976.

This system was connected to GC for analyzing mixture sorption.

Figure 5.5 shows the laboratory-built sorption test system. Initially, the
system was designed as three volumes, namely reservoir volume, sample volume

and residual analyze volume. These volumes are made up of the chambers and the
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tubing connecting these chambers with the same name as the volumes. Chambers
(reservoir chamber, sample chamber and residual analyze chamber) were prepared
by burrowing a cylindrical hollow with 2.5 cm in diameter and 3 cm in depth into
304-quality stainless steel billet with 80 mm in diameter. The sealing of these
chamber was provided with two Viton o-rings which was placed between the
flange-shaped cover and the stainless steel blank with cylindrical slot. These three
volumes were connected to the system via weld-union with 1/8” in size. Membranes
to be tested were placed in the sample chamber. The reservoir volume was a section
added to the system to adjust the pressure value and temperature of the gas to be
sent to the sample chamber. The residual analysis volume was added to the system
in order to test the composition of the non-sorbed gas volume while the sorption of
mixture gases was studied. The polymeric membrane sorbed components in the gas
mixture at different proportion. The gas that was not absorbed by the sample was
sent to the analysis volume and tested with GC to determine the composition. By
the help of this residual analyze chamber, the pressure of the non-sorbed gas in the
sample chamber can be reduced to such a degree that can be sent to the GC without
the risk of saturation or disrupt the GC column. The GC test of the residual gas was
repeated at least three times and each test took 5 minutes. Between each run the GC
column was evacuated for at least 5 minutes. The residual analysis volume is
necessary to keep the composition of non-sorbed gases constant until the GC test
finished. Otherwise, the depressurization of sample chamber led to desorption of
gases and composition varies during the GC test.

The mixing tank was added to the system later according to the requirements
of the system. The mixture was prepared by using the pressure ratios of the feed
gases. This large mixing tank provides a suitable environment for the mixing of
gases. In addition, the mixing tank has a large volume and provides sufficient

amount of gases until the entire pressure range test has been completed.

The sorption capacity is very sensitive to variation in temperature, hence
controlling and keeping constant the test temperature is crucial for reliable and

repeatable test results. The reservoir chamber and the sample chamber were placed
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in a home-made oven. The oven was insulated by placing 20 mm stone wool.
Heating was provided by an electric heating plate and a fan was used to obtain
uniform temperature in the oven. The temperature which kept at 35 °C during
sorption test was controlled by a thermocouple equipped PID controller (GEMO
D104A).

The most important part of the system is the pressure transducers used to
monitoring pressure variation. Super TJE transducer Honeywell Sensotec (accuracy
0.05%) (Ribeiro and Freeman, 2010), Delta Metrics 0.05% accuracy (Kim et al.
2015), Statham Schlumberger model PA8224-1M-24050 accuracy 0.09%)
(Costello and Koros 1992) are pressure gauge models used in literature studies.
When these models were examined, it was noted that the precision of the transducer
was higher than 0.2%. Indeed, according to Costello and Koros 1992' study, the
precision value which is smaller than 0.25%, may led to inaccuracy in
measurement. In our system, MKS-Baratron® with product-1D 750C13PFE2RA is
used. The pressure operating range is 0-1000 psia with 0.1 % precision in full-scale
and operating temperature range is 0-50 °C.

The sorption feed whose temperature and pressure were adjusted in
reservoir chamber was send to sample volume chamber which was under vacuum.
Transferring gases from high pressures to low pressures may lead to Joule-Thomson
type or iso-enthalpic expansion, hence freezing may be observed. This is why gas
transfer or purging should be slow, reliable and be done in a controlled manner. To
provide this requirement, Hoke brand stainless steel needle valves (NV) with
"regulating stem type" tip were used which can stand up to 345 bars. The connection
between system components (pressure chambers, valves, pressure transducers)
were provided via stainless steel fittings and tubing with 1/8” size, which can stand

up to 207 bars.
Determination of the Volume of the Sample Chamber

Estimation accuracy of volume of the sample chamber is vital since it is

used in all the subsequent calculations. Moreover, Smith et al. 2012 indicated that
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the largest error in the sorption measurements comes from the volume calibration
of the sorption cell, which has the greatest effect on low sorbing gases in the
polyimide. Volume estimation is performed using the following two methods. In
the first method, the sample chamber was filled with water. Next, it was poured in
to a beaker whose weight was measured. Then, the corresponding volume was
calculated. By this method, volume of the sample chamber was calculated to be 24
cm?®. However, the volume inside transducer could not be taken into account. Since
contact with water could have damaged the transducer. In the second method, we
tested sorption capacity of PES/SAPO34(%20 w/w) membrane which has already
been reported in Ulgen Cakal’s work. The volume of the sample chamber of the
system under test was changed until we met the sorption capacity reported and it

was calculated to be 28 cm?®

The closer look at the parts of the system was provided in the following
figures. In Figure 5.5-A, the sorption feed preparation unit and manifold part are
seen. V-1 and V-2 are ball valves. The V-1 valve was used to pressurize the system
with CO2 while the V-2 was used to pressurized the system with CHa. V-3, V-4,
V-5, V-6, and V-7 are both needle valves. The needle valve, V-3 was distinguished
the mixing tank from the rest of the system. The needle valve, V-4 was used to
depressurized or evacuate the mixing tank when it is necessary. The needle valve,
V-5 is connected to the mixing tank to the reservoir. In Figure 5.5-B shows the
reservoir volume and sample volume. The zone restricted to V-5, V-6 and V-7 with
reservoir chamber are comprised the reservoir volume of the system. The pressure
and temperature of this part was monitored by pressure transducer number 2 (PT-
2). The zone restricted to V-7, and V-8 with sample chamber are formed the sample
volume of the system. The pressure of the sample volume was monitored by
pressure transducer number 1 (PT-1). The residual volume shown in Figure 5.5-C
is residual chamber with the zone restricted by V-8, V-9, V-10, V-11 and V-12. The
needle valve, V-8 was used to send the residual gas to the residual volume. The
needle valve V-10 was to purge the volume in a controlled manner. V-9, V-11 and

V-12 are ball valve. V-12 provides the GC connection, while V-10 is used to
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evacuate the volume. V-11is provided a connection between reservoir volume and
residual volume by a plastic pipe and plastic quick-connect. When the composition
of the prepared gas mixture is to be measured, this gas mixture is sent to the residual

volume via the valve V-11.
Flow diagram of sorption test system is shown in Figure 5.6

VARIAN® Star 3800, Gas Chromatography was used to analyze the
relative amount of gases in the residual mixture based on the difference between
the sorption properties of CO2and CH4 by the GC column. He was used both sweep
gas and reference gas. Dry-air was used to automatic injection of sample gas. Before
injection and between two injections, injection port of the GC was evacuated. The
peak area from the gas chromatograph provides the information about the partial
pressure of each gas in the mixture. For calculations, the pure CO2 and pure CHa
GC calibration test results were used. The properties of GC test condition were
provided in Table 5.3. Table 5.4 provided the codes, contents and casting
parameters of the membranes tested for sorption experiment. In further discussion,

these abbreviations were used.

Table 5.3 Gas chromatography test operation condition.

Column Chromosorp 102, 80-100 mesh
Detector Thermal conductivity detector (TCD)
Detector Temperature 100
Column Temperature 80
Valve Temperature 80
Column Pressure 50 psi
Sample Flow rate 50 ml/min
Reference gas and flow rate He, 30 ml/min
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Table 5.4 Dense symmetric membranes prepared by solvent evaporation for
sorption test. Solvent evaporation was taken place at 80 °C under vacuum and
annealing was carried out 100 °C at N, atm. for 1 week.

Membrane | Polymer | ZIF-8 | Non-volatile Weight of tested
Code (9) (9) Solvent (g) | membrane sample (g)
PI-1 2gPI No 9.5 g DMF 0.43
PI-2 No 1.43
MM-PI-1 0.4q. 1.29
MM-PI-2 0.8g. 1.40
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Figure 5.5 Pressure-Decay type sorption test system.
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M Needle Valve

On/Off
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V-10
5]
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V-4 v Chamber
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Figure 5.6 Flow diagram of sorption test system.

Single (pure) Gas Sorption Test,

After, the temperature of the sample volume and reservoir chamber was
adjusted at 35 °C, the polymer sample was emplaced in the sample chamber. The
whole apparatus was kept under vacuum for one day before experiment. Before
pressurized the system, pressure transducers were calibrated to zero under vacuum.
After the vacuum period, the whole system was separated by closing all valves.
Then the volume containing sample was separated from the rest of the apparatus by
closing needle valve 7 (V-7) and needle valve 8 (V-8). System was pressurized
through valve 1 (V-1) with CO> or through valve 2 (V-2) with CHas. The gas tank
and reservoir chamber were filled with the penetrant gas up to 180 psi. The sorption
experiment was started by opening needle valve 7 (V-7). Sorption equilibrium was
indicated by constant reading of pressure reading from pressure transducer 1 (PR1)

and occurred within 3 hours for CO» and within 6 hours for CH4 from the start.

Mixed Gas Sorption Test

The polymer sample preparation method and vacuum period are the same
as the procedure implemented for pure gas sorption experiment. The differences
came from sorption feed preparation period and gas chromatography connection.

After vacuum period and separation of sample volume by closing V-7 and V-8
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valves, the feed tank and reservoir chamber were pressurized through V-2 with
CHs. Then V-2 was closed and mixture tank was further pressurized through V-1
with CO». Pressure of the feed was red from pressuretransducer 2 (PR2). The
composition of feed gas was adjusted based on the pressure ratio of pressurized
gases. For example, for %70 CH4-%30 CO2 mixture, the reservoir was pressurized
with CH4 up to 70 psia, then the system was further pressurized with CO2 up to 100
psia. After waiting for one night for mixing the feed, V-1 was closed and the mixing
tank was isolated from the capillary region. Before analyzing and sending the gas
mixture to the sample volume, the capillary region was evacuated. After evacuation,
V-1 was opened and reservoir volume was filled with gas mixture. The composition
of feed gas was analyzed by GC before pressurizing the sample volume. For this
purpose, reservoir volume and residual volume were connected by a plastic pipe
between valves (V-6 and V-11). The mixed gas sorption test was started by opening
V-7 and ended after equilibrium which was indicated by constant pressure reading
of PR1. After sorption equilibrium, non-sorbed gas composition was analyzed by
gas chromatography for subsequent calculation. First, residual volume was
evacuated and then the non-sorbed gas in the sample chamber was sent to residual
volume which was connected to sample volume via V-8 and to gas chromatography
device via valve 12 (V-12).

5.3 Sorption Capacity Test Results of the Neat Dense Symmetric Pl
Membranes

The sorption capacity isotherms of pure gases CO2 and CHs were measured
using the procedures described previously. Figure 5.7 showed the sorption
isotherms of pure CH4 and pure CO- in symmetric dense Pl membranes; PI-1 and
PI1-2 at 35 ° C. Literature values of CO2 and CHa sorption capacity of Pl (Moore
and Koros 2007) were also provided on the same graph. The CO2 sorption capacity
values of PI-1 membrane are 19% higher than those reported in literature at test
pressure above 5 bar. When the test pressure was below 5 bar, the deviation of CO»
sorption capacity of PI-1 from literature decreased to 10%. The CHa4 sorption

capacity values of PI-1 membrane are approximately 30% higher than the values
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reported in the literature. The reasons of this variation may be due to different
membrane casting method, different pre-treatment of tested samples, purities of
penetrant or differences between the test apparatus. Especially a small
miscalculation in sample volume and in-sufficient precision of PT-1 have a great
influence on the final result. The same sorption tests were repeated by increasing
the amount of the testing polymeric membrane in order to eliminate the adverse
effect of low sensitivity of the pressure gauge. PI-1 and PI-2 were produced with
the same methods and conditions. The only difference between them is the tested
part of the PI-1 was 0.43 gr while tested part of the PI1-2 was 1.43 gr. As observed
in Figure 5.7, by increasing the amount of the testing polymeric film, the
determined sorption capacity values became closer to the literature values. Small
differences may be considered to be the nature of the polymer sorption process.
Because a lot of studies have shown that a small temperature variation in the pre-
treatment process of the polymer (Scholes et al. 2010), or even the thickness of the
tested polymer (Punsalan and Koros 2005, Simons et al. 2010, Sirard et al. 2001)

film, has a significant effect on the sorption capacity.

The chemical associations between CO. and Matrimid are more
thermodynamically favorable (Scholes et al. 2010) and hence the sorbed CO:
concentration substantially higher than that for CH4 at similar pressures. One of the
reasons of the higher sorption capacity of CO> compared to CHs is higher
condensation tendency of CO2. The critical temperature of CO> is 304.3 K while
that of CH4 is 190.6. Hence CO: is condensable even at room temperature and more
easily sorbed when compared less condensable CH4 (Pixton and Paul 1995; Zhang
et al. 2014, Chung et al. 2003, Smith et al. 2012). Polymers (for example; poly-
methy methacrylate, polyetherdiimide, cellulose acetate- acetate or pendant group
are also polar-) containing high density carbonyl group have high sorption capacity
of CO; relative to CH4 and show high CO2/CHj sorption selectivity (Koros 1985,
Pixton and Paul 1995, Smith et al. 2012). The Matrimid®5218 used in the present
study includes high density of carbonyl group; five at each repeating unit as
indicated in Figure 5.8. Therefore, similar sorption behavior was observed for PI-1

and PI-2 as expected. Polar nature, high quadrupole moment of CO, leads to high
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interaction between polar polymer, hence larger CO2 solubility is observed
compared to the CH4 (Smith et al. 2012).

CO. and CHgs isoterms demonstrate standart dual-sorption behavior.
Isoterms are non-linear and concave to the pressure axis (Chung et al. 2003, Smith
et al. 2012). This means rapid increase in gas sorption concentration at low
pressures. By increasing in pressure, increase in the gas sorption concentration are
tapered off. As the pressure of increases, free microvoid space in polymer matrix
becomes limited and concentration increase is reduced. This trend is valid for
sorption in all glassy polymers (Scholes et al. 2010, Koros et al. 1981).

The CO2/CHgs sorption selectivity of PI-1 and PI-2 is shown in Figure 5.9.
The highest sorption selectivity was observed at 1 bar, by increasing the test
pressure sorption selectivity decreased slightly and then fixed at a constant value.
This constant value was approximately 3.5 for our PI-1, PI-2 membrane and
calculated value based on dual-mode model. On the other hand, the constant
sorption selectivity of Moore and Koros 2007’s study was 4.5.

Dual-mode sorption parameters of neat PI tested in the present study was
determined based on the average sorption values of PI-1 and PI-2 via grid search
approach to numerically solve a nonlinear least squares (NLS) problem. The dual
parameters were calculated also based on just only sorption data of PI-2 since the
PI-2 sorption isotherms were closer to the isotherms provided Moore and Koros
2007. The results were provided in Table 5.5. The CO. and CHa sorption isotherm
determined based on the estimated dual-mode parameters according to average
sorption extent of PI-1 and PI-2 were also provided in Figure 5.7. The dual mode
parameters for Matrimid studied by Moore and Koros 2007 and Chung et al. 2003
were the suitable candidates to compare with our results. The dual mode parameter
b of CO2 and CHsand Cj;_cy. Were within the range of the value provided in
literature (see Table 5.2). However, the Cj,_.o, Vvalue estimated based on average
sorption extent of PI-1 and PI-2 was lower than the values in the literature, and the
kp-coz value of average of PI-1 and P1-2 was greater than the all Kp-coz values listed

in Table 5.2. This value was found to be less than 2.55 even for polymers
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specifically modified to increase the CO> sorption capacity. The dual mode
parameters based on PI-2 were very close the values provided by Moore and Koros
2007.
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Carbonyl

Figure 5.8 Matrimid ®5218 repeating monomer (retrieved from Zhang et al.,
2008).
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Figure 5.9 Solubility selectivity of dense PI membranes (PI-1 and PI-2) and
referance Moore and Koros 2007.

Dual-mode sorption parameters of neat Pl tested in the present study was
determined based on the average sorption values of PI-1 and PI-2 via grid search
approach to numerically solve a nonlinear least squares (NLS) problem. The dual
parameters were calculated using sorption data of PI-2 since the PI-2 sorption

isotherms were closer to the isotherms provided by Moore and Koros 2007.
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The results were provided in Table 5.5. The CO, and CH4 sorption isotherm
determined based on the estimated dual-mode parameters according to average
sorption extent of PI-1 and PI-2 were also provided in Figure 5.7. The dual mode
parameters for Matrimid studied by Moore and Koros 2007 and Chung et al. 2003
were the suitable candidates to compare with our results because their type of
membranes and test method were similar to ours. The dual mode parameter b of
COz and CHsand Cy;_ -y, Were within the range of the value provided in literature
(see Table 5.2). However, the Cj,_.o, Value estimated based on average sorption
extent of PI-1 and PI-2 was lower than the values in the literature, and the kp-coz
value of average of PI-1 and PI-2 was greater than the all kp-co2 values listed in
Table 5.2. This value was found to be less than 2.55 even for polymers specifically
modified to increase the CO> sorption capacity. The dual mode parameters based
on PI-2 were very close the values provided by Moore and Koros 2007.

Table 5.5 Dual-mode sorption constants for CO2 and CH4 based on sorption test
average of PI-1 and PI-2.

Membrane | Penetrant kp Cx b (1/bar)
(cm? (cm?

(STP)/(cm?3 (STP)/(cm?®

polymer bar)) polymer))
PI-1 and PI-2 CO: 2.55 18.23 0.66

average CH4 0.3 14 0.2

PI-2 CO: 1.43 28.16 0.34
CH4 0.22 16.73 0.13
Moore and CO2 1.44 25.5 0.367
Koros 2007 CHs 0.136 14.3 0.105
Chung et al. CO2 1.42 35.0 0.702
2003 CHs 0.249 17.7 0.136
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5.3.1 COz2 - CHa Mixture Sorption Capacity of Neat Symmetric Dense

Polyimide Membrane

The solubility of binary mixtures of CO2 and CHa in P1-2 were measured at
three fixed values of molar fraction of CHs in the gaseous phase: 29.64 mol%, 49
mol%, 69.42 mol%. The CO. and CHa sorption isotherms as a function of both
pressure and mixture composition were provided in Figure 5.10 and Figure 5.11,
respectively. The sorption behavior of PI-2 in the presence of the two penetrants
were also calculated according to the approximation (Egn. 5.10 and Eqn. 5.11)

developed by Koros 1980.

The experimentally observed CO- sorption capacity were higher than the
estimated CO> sorption capacity. On the other hand, the obtained CH4 sorption

capacities were much lower than the calculated values.

Experimental results showed that the highest reduction in CO sorption
capacity for the case of the 29.6% CH4-70.6% CO mixture due to the competition
effect was about 22% at 1 bar. At the same concentration and test pressure, the
percent decrease in methane sorption capacity was 90%. For 29.6% CH4-70.4%
COz composition, the percent reduction in sorption capacity of CO2 was in the range
of 22%-and 9%. However, this decline was not correlated with pressure but
oscillated. The average decline for CO> sorption capacity at 29.6%CH4 - 70.4%

CO2 mixture was approximately 15%.

For the 49%CH4-%51%CO. mixture, the percent of decrease for CO>
sorption capacity was observed at 1 bar, approximately 40%. The average decline
in CO2 sorption capacity at this concentration was approximately 31% with respect
to pure CO». At this concentration, the maximum decrease in methane sorption
capacity was observed at 4 bar and approximately 83% with respect to pure CHa.
For mixture including 51% COg, the average percent reduction of CHs sorption

capacity was found approximately 77% relative to the pure CHa.
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Figure 5.10 and Figure 5.11 indicated that in the multicomponent sorption
in glassy polymers the solubility of all gases was depressed with different extents.
This behavior is due to a competitive effect that lowers the ability of the penetrant
to be absorbed in the matrix when a second penetrant is present within the same
environment. Because of competitive nature of mixed gas solubility in glassy
polymers, for each species the deviations from the ideal pure gas case increase as
mole fractions of the second gas increase (Koros 1981, Chern et al. 1984, Visser et
al. 2005, Vopicka et al. 2014, Dorosti et al. 2015, Saberi et al. 2016)
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5.4 Sorption Capacity of the Mixed Matrix Dense Symmetric PI/ZIF-8

Membranes

CO2 and CHj4 sorption capacity isotherms of mixed matrix membranes
(MM-PI-1 and MM-PI-2) were given in Figure 5.12 and Figure 5.13, respectively.
In these figures, both experimental sorption data and estimated sorption capacity
were provided. The theoretical sorption capacity of mixed matrix membrane was
estimated by the simple formula as Eqgn. 5.12 (Moore and Koros, 2007). In our
calculations, CO. and CHs sorption capacity of PI-2 membrane were used as
polymer sorption capacity. The sorption capacity values of ZIF-8 were taken from
the study of Perez-Pellitero et al. 2010. In all comparison (sorption capacity or dual
mode sorption parameters), for the reference parameters, P1-2 was used because 1ts

properties were closer to those in literature relative to PI-1.

At first glance on Figure 5.12 and Figure 5.13, both CH4 and CO> sorption
capacity of membrane enhanced due to ZIF-8 loading. Several researchers
experienced enhancement of solubility of gases in polymeric membranes due to
addition of MOFs (Song et al. 2012, Bushell et al. 2013, Ge et al. 2013 Lin et al.
2014), or zeolites (Moore and Koros 2007).

The percent increment in CO. sorption capacity of the MM-PI-1 was
determined approximately 2% at 1 bar, 5.5 % at 2 bar, 11% at 6 bar and 22% at 10
bar due to adding ZIF-8 at 10%. The CO: sorption capacity of MM-PI-2 are
approximately 14%, 18%, 30% and 40% higher than that of PI-2 at 1 bar, 2 bar, 6
bar and 10 bar, respectively. The CO, sorption capacity of the MM-PI-2 was
determined at least 10% greater than that of the MM-PI-1 at each test pressures. For
both MM-PI-1 and MM-PI-2, the CO. sorption capacities estimated according to
Eqgn. 5.12 were higher than the experimentally determined CO> sorption values. At
low pressures, 1 and 2 bars, the calculated CO2 sorption values corresponded to the
experimental values, perfectly. However, with increasing test pressures (>3 bar),
the experimental data began to deviate from the calculated values. The percent of
deviations changed depending on test pressures, however, drawing a trend is not

possible. The relatively higher calculated CO2 sorption capacity was actually
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expected. One of the possible reason for that the ZIF-8 CO, sorption values used in
the calculations were taken from the literature and may be higher than the ZIF-8s
which we synthesized. Because in many studies in the literature, ZIF-8 has been
subjected to many modifications, especially to increase CO; sorption capacity. The
second possible explanation is partially-closed pores of ZIF-8 by polymer chain
which might suppress the effect of ZIF-8s.

The CHy sorption capacity of MM-PI-1 are approximately 13%, 15%, and
20% higher than that of PI-2 at 4 bar, 6 bar, and 10 bar, respectively. At 1 bar, the
CHjs sorption capacity of MM-PI-1 and PI-2 was determined close to each other.
For MM-PI-1, the estimated CHa sorption capacity values were pretty agreeing with
the experimental data. The enhancement in CH4 sorption extent was reached %33
at 2 bar, %51 at 4 bar, %56 at 6 bar and %62 at 10 bar with addition ZIF-8 at 20%
of PI. The estimated CHj4 sorption capacity values of the MM-P1-2 were determined

approximately 10% lower than experimental data at each testing pressures.
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The dual-mode sorption model constants of MM-PI-1 and MM-PI-2 were
tabulated in Table 5.6. ZIF-8 loading leads to smaller Cj; values and larger kp and

b values as compared to neat PI-2 membrane.

The most influenced parameter due to ZIF-8 loading was kp. The kp-coz of
MM-PI-1 was twice that of neat PI. The Kp-co2 of MM-PI-2 was approximately two
and a half times greater than the kp.co of neat PIl. The increment in Kp-cHs values
were higher than that in kp-coz values. The kp-cha 0f MM-PI-1 was roughly 4.5
times and the kp.cHs of MM-PI-2 was roughly 6 times greater than that of neat P1I.
kp is related to penetrant-polymer interactions and solubility of penetrant
(Muruganandam et al. 1987). ZIF-8 loading into polymeric membrane increased
the affinity between membrane and penetrants (CO, and CH4) and also solubility
of penetrant. Hence higher kp values were obtained. The higher increment in the kp
of CHa as relative to the increase in the kp of CO2 was associated with the higher
affinity between CH4 and ZIF-8 in comparison with interaction between CH4 and

neat Pl.

The percent decrease in Cj; of CO2 were calculated 54% and 57% while that
of CH4 were estimated as 31% and 35% corresponding to 10% and 20% ZIF-8
loading, respectively. Since Cy; is associated with the unrelaxed free volume of the
polymer (Koros e al. 1981, Chung et al. 2003), the decrease in the Cj; values was
interpreted the diminish in the free volume of the polymer (Simons et al. 2010) due
to ZIF-8 loading. The other possible explanation for reduction may be the tight
polymer chain packing and stronger molecular interaction due to ZIF-8 particles
(Chung et al. 2003).

Langmuir affinity constant b of CO> increased almost 66% in the presence
of ZIF-8s. However, it was not affected by the increase in the amount of ZIF-8s.
Langmuir affinity constant b of CH4 was not changed significantly. The parameter,
b is related to the ratio of penetrant sorption and desorption rate constants in
Langmuir site (Solovyov and Goldman 2008, Scholes et al. 2010) and also
condensability of penetrants (Muruganandam et al. 1987) and slightly related to

structure of membrane (Masi, Paul and Barlow 1982). The ZIF-8 loading could not
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change the condensability of gases. It may alter the structure but in this case |
expected that a certain variation in bcna. The presence of ZIF-8 particles may lead
to increase sorption rate of CO> or decrease the desorption rate of CO», hence higher
b was obtained. This is the most logical explanation, since strong affinity between
ZIF-8 and COz is widely accepted phenomena (Venna and Carreon 2010, Banerjee
et al., 2009).

Table 5.6 Dual-mode sorption constants for CO2 and CH4 based on sorption test
of MM-PI-1 and MM-PI-2.

Membrane | Penetrant ko Cy b Squared
(cm? (cm? (1/bar) Error
(STP)/(cm?® (STP)
polymer /(cm3
bar)) polymer))
MM-PI-1 CO> 3.0 13.0 1.0 3.45
CHg4 1.0 11.6 0.1 0.11
MM-PI-2 CO> 3.86 12.05 1.01 1.19
CH4 1.3 10.9 0.17 1.71

5.4.1 Mixed Gas Sorption Behavior of the Mixed Matrix Dense Symmetric
P1/ZIF-8 Membranes

The sorption extent of MM-PI-1 for binary mixtures of CO2 and CHa4 were
measured at three fixed values of molar fraction on CHys in the gaseous phase: 27.6
mol%, 48.7 mol%, 69.4 mol%. Figure 5.14 and Figure 5.15 are the CO, and CHj4
sorption isotherms of MM-PI-1, respectively. Pure gas sorption extent and the
sorption trend of MM-PI-1 for binary mixtures calculated based on Egn. 5.10 and
Eqgn. 5.11 were also provided on the same isotherms. In calculations, the dual-mode
sorption parameters listed in Table 5.6 were used.

As depicted in Figure 5.14, the CO> sorption extent of MM-PI-1 diminished
due to presence of CH4. The average percent of diminishment in CO2 sorption
extent (cm® STP/cm?® polymer) with respect to pure CO2 was approximately 19%,
33% and 56% in the presence of 27.6 mol%, 48.7 mol%, 69.4 mol% CHys in the
feed gas, respectively. The experimental sorption data of CO: is very close to the

corresponding data points calculated according to the Eqgn. 5.10.
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The reduction in sorption extent of CHj4 is higher than that of CO> due to
competition effect (see isotherm in Figure 5.15). The CH4 sorption extent (cm?®
STP/cm? polymer) of MM-PI-1 reduced by approximately 57%, 82% 98% due to
presence of CO> at 30.5 mole %, 51.3 mole % and 72.4 mole% in the feed mixture.
The experimental sorption data of CH4 deviated strongly from the corresponding
data points calculated according to the Eqn. 5.10. For example, for binary mixture
72.4 mole % CO»- 27.6 mole % CHg, the measured CH4 sorption capacity points
were lower than 0.5 cm® STP/cm?® polymer even at 10 bar while the calculated CHa4
sorption capacity at 10 bar was estimated as 3.17 cm® STP/cm® polymer. The
experimentally obtained CHgs sorption points for the 48.7 % CHs- 51.3 % CO
mixture coincided with the CH4 sorption curve calculated for the 27.6% CHa-
%72.5% CO, mixture, while the experimentally obtained CH4 sorption points for
the 69.4 % CHs- 30.6 % CO2 mixture coincided with the CH4 sorption curve
calculated for the 48.7% CHs- %51.3% CO2 mixture. The reason of the large
deviation between experimentally obtained CH4 sorption values and corresponding
calculated values is the fact that CH4 sorption capacity measurement was affected
more strongly by experimental errors than CO> since CHs is low sorbed gas. For
example, for 48.7% CHa- 51.3% CO> mixture sorption experiment at 10 bar, the
GC test of residual gases was 55.26% CHa. When 56% was used instead of 55.26%
in the further calculations, the percent of variation in the CH4 sorption extent was
41.82%, while that of variation in the CO> sorption amount was 4.1%. In this study,
the GC test result of the two subsequent tests of the same mixture can be deviate
1.1% from each other. Hence, the low sensitivity of our GC may lead to sharp
deviation in CHa test results. Smith et al 2012 suggested that largest possible error
in sorption test is observed due to the volume calibration and its effect on low
sorbing gases is higher than that on high sorbing gases. However, in our
calculations, deviations in sample volume effected both CH4 and CO- at the same
amount. However, as suggested by Smith et al. 2012 and Robeson et al., low sorbing
gas CHjs affected 10 times higher than high sorbing gas CO> from the variation in
GC results.
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Figure 5.16 showed the CO2 sorption isotherms of MM-PI-2 for pure COy,
CO2 and CHj4 binary mixture in the presence of 27.6 mol%, 48.7 mol%, 69.4 mol%
CHa in the feed gas and also estimated sorption extents of CO> in the mixtures test.
The average percent of reduction in CO; sorption extent (cm® STP/cm?® polymer)
with respect to pure CO, was approximately 24%, 40% and 60% in the presence of
29.4 mol%, 49 mol%, 69.3 mol% CHs in the feed gas, respectively. The
experimental sorption data of CO- is very close to the corresponding data points

calculated according to the Eqn. 5.10.

The CH4 sorption isotherms for pure gas, binary mixtures and estimated
sorption curves of MM-PI-2 were given in Figure 5.17. The diminishment in
sorption extent of CH4 was calculated approximately 52%, 71% and 87% due to
presence of COz at 30.7 mole %, 51 mole % and 70.6 mole% in the feed mixture.
The experimental sorption data of CHs in MM-PI-2 deviated from the
corresponding data points calculated based on the Eqn. 5.10 as observed for MM-
PI-1. However, the deviation was not as sharp as observed in MM-PI-1. The
experimental points approached to the calculated curve.

The percent of reduction in CH4 sorption of MM-PI-2 decreased and the
percent of reduction in CO, of MM-PI-2 increased compared to the sorption extents
of MM-PI-1. The reason is the increased affinity between CH4 and MM-PI-2 due
to high ZIF-8 content.
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5.5 Conclusions

The dense neat Pl and ZIF-8/PI membranes were produced solvent

evaporation method. The pressure decay method was used to determine CO2 and

CHa sorption capacity of membranes following conclusions have been drawn.

>

CO. and CHgy isoterms all demonstrate standart dual-sorption behavior.
Isoterms are non-linear and concave to the pressure axis.

The chemical associations between CO. and Matrimid are more
thermodynamically favorable and hence the sorbed CO: concentration
substantially higher than that for CH, at similar pressures.

For mixture sorption experiment, the competitive effect lowers the ability
of the penetrant to be sorbed in the matrix when a second penetrant is present
within the same environment. The competition has a much stronger impact
on CHasthan on COzsorption content.

Sorption capacity of CO. and CHs were increased due to ZIF-8
incorporation.

The dual-mode sorption model constants of MM-PI-1 and MM-P1-2 were
calculated by non-linear least square curve fitting method. ZIF-8 loading
leads to smaller Cn values and larger kp and b values as compared to neat

P1-2 membrane.
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APPENDICES

A. EXPERIMENTAL RESULTS OF PES MEMBRANES PRODUCED
VIA LIDWPI METHOD

Production Method

Asymmetric PES Membrane Preparation via Dry-Wet Phase Inversion: A
homogeneous polymer solution made up of 4 g of PES, 4 g of Acetone and 10 mL
(9.5 g) of DMF (23 wt.% PES- 23 wt.% Acetone- 54 wt. % DMF) solution was
prepared by priming at three step. PES solution film casted at 500 um by automatic
film applicator was kept in an air-dried vessel with zeolite at room temperature for
15 minutes for dry phase inversion. 500 ml of distilled water was used for wet phase
change. Solvent removing and annealing procedure were the same as those applied
for wet phase inversion PES membranes and was already narrated in Chapter 2. In
order to investigate the effects of the acetone content on the properties of
membrane, the polymer solution was prepared by increasing the amount of acetone
to 5 and 6 grams. In order to keep the polymer concentration constant, the amount
of DMF was reduced to 8.5 and 7.5 grams. The some of the produced membranes
were coated with PDMS to plug the pin holes by dip coating method. Membranes
were immersed in 3% PDMS-n hexane solution and allowed to stand overnight.

These were cured under vacuum for one hour at 60 ° C.

Forced Dry-Wet Phase Inversion for PES Membranes: The polymer solution
was prepared as described previously. To increase the evaporation rate of acetone
in solution, it was exposed to light for 2.5 to 15 minutes. Hence denser polymer
surface layer was formed. We estimated that this denser layer will reduce the
formation of surface defects. A light lamp with energy class D of 77 W, 250 V was
used as light source. All other membrane preparation processes are the same as the
dry-wet phase inversion method. PES membranes prepared via dry-wet phase
inversion and light induced dry-wet phase inversion method were listed in Table

A.1 with their production specifications and their codes.
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Table A.1 PES membranes produced via DWPI and LIDWPI methods.

Membrane Membrane Solution (g) Dry Inversion Period
Codes
PP-37 PES 4 15 min free evaporation
Acetone | 4
DMF 9.5
PP-39 PES 5
Acetone | 4
DMF |95
PP-41 PES 4
Acetone | 4
DMF 9.5
PP-42 PES 4
Acetone | 4
DMF 9.5
PP-43 PES 4
Acetone | 4
DMF 9.5
PP-44 PES 4
Acetone | 4
DMF 9.5
PP-45 PES 4
Acetone |5
DMF 8.5
PP-46 PES 4
Acetone |2
DMF 115
PP-47 PES 4
Acetone |2
DMF 11.5
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Table A.1 (Cont.) PES membranes produced via DWPI and LIDWPI methods.

Membrane Membrane Solution Dry Inversion Period
Codes (9)

PP-48 PES 4 15 min free evaporation
Acetone |4
DMF 9.5

PP-53 PES 4
Acetone |6
DMF 7.5

PP-55 PES 4
Acetone |6
DMF 7.5

PP-56 PES 4
Acetone |5
DMF 8.5

PP-60 PES 4 15 min incandescent lamp
Acetone | 4 exposure
DMF 9.5

PP-61 PES 4 15 min incandescent lamp
Acetone | 4 exposure
DMF 9.5

PP-62 PES 4 10 min incandescent lamp
Acetone |4 exposure
DMF 9.5

PP-64 PES 4 10 min incandescent lamp
Acetone |5 exposure
DMF 8.5

PP-66 PES 4 15 min incandescent lamp
Acetone |5 exposure
DMF 8.5

279




Experimental Results of PES

In this part of the study, | investigated the variation of morphological and
gas transport properties of PES membranes due to addition of co-solvent acetone in
PES-DMF polymer solution. Co-solvent additives in the polymer solution is
applied because it is known that volatile solvent can change liquid-liquid demixing
behavior during phase inversion (Aroon et al. 2010). Furthermore, its volatility

promotes the evaporation rate during dry-inversion period.

The Hansen solubility parameter differences for PES-acetone, Acetone-
DMF, Acetone-water, Water-PES and Water-DMF were provided in Table A.2.
The Hansen solubility parameters was taken from Guillen et al. 2011 and the
parameter difference was calculated according to Eqn. 2.2 (Chapter 2). Since the
AdpEs-Acetone aNd ASpmF-Acetone are both less than 8, hence we can assume that PES-
DMF-Acetone trio quite miscible with each other. The Adwater-Acetone IS Very close
Adwater-omr, hence the interaction between water and acetone is similar to the
interaction between water and DMF.

Table A.2 Hansen solubility parameter difference (Ad) between polymer (PES)-
solvent (DMF)-co-solvent(Acetone)-quench medium(Water).

Chemicals DMF | Acetone | Water
PES 4.3 5.19 34.4
Solvent (DMF) - 7.12 31.1
Co-solvent 7.12 - 33.2
(Acetone)

There are several studies in literature about effect of acetone on membrane
properties (Vogrin et al. 2002, Krol et al. 2001, Visser et al. 2007, Barth et al. 2000,
Madaeni et al. 2005, Ahmed et al. 2014, Chabot et al. 1997, Ahmed et al. 2013)
(Note that the references given in Appendix A are provided in the REFERENCE

part of the Chapter 3). They used acetone to facilitate evaporation step.
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Effect of Acetone Content of the Casting Solution on Morphological Properties
of Asymmetric PES Membranes Produced via DWPI Method for 15 min free-
evaporation

Figure A.1 showed the SEM micrographs of asymmetric PES membranes;
PP-47, PP-37, PP-56, PP-55 which are prepared PES solutions containing 11.4%,
22.9%, 28.6%, 34.3% AC. During casting period these membranes were standing
free-evaporation for 15 minutes and quenched in 500 ml DI water. At first glance,

membranes seemed to be composed of pores in different size.

PP-47 included both sponge like and finger like pores. Total thickness of
PP-47 was nearly 500 um. Size of the finer like pores closer to dense layer was
smaller than that of the finger like pores settled on the middle. A closer look at
surface layer; it was measured a dense layer with approximately 400 nm supported
with fine pores.

PP-37 was made up of only sponge like pores; it cannot be detected finger
like pores from SEM micrographs. However, locally small sponge like pores
combined and forms larger sponge like pores. A closer look at dense layer, it was
observed approximately 300 nm dense layer at upon the layer with nearly 5 um
thickness made up of very tiny pores. | named this finely pored thin region as

transition zone.

The morphology of membranes PP-55 and PP-56 have very similar
structure. Both of them have pores in elliptical shape rather than finger like or
sponge like and pores walls were in reticular form. Based on eye investigation, the
thickness of transition zone and porosity of it increased with increase in the content
of AC.

Table A.3 was given the quantitative analyses of morphological properties
of membranes based on SEM images. The thickness of dense skin layer was about
100-200 nm. The thickness of skin layer of membrane did not change with
increasing amount of acetone, which is unexpected results. Because it was
presumed that the skin layer will be formed by the evaporation of AC during dry

phase change. Based on this assumption, the thickness of the skin layer becomes
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thicker as the amount of AC increases. Our observation was also conflicted with
Krol et al. 2001 who revealed enlargement in thickness of skin layer of PI
membrane from 0.4 to 1.3 um due to increasing AC content of PI/NMP/AC solution
from 30 wt.% to 37.5 wt.%. On the other hand, Barth et al. 2000 could not detect
an obvious change in morphological structure of PES and PSF membranes despite
including 3% acetone in the polymer-DMF solution. This observation enhanced the
suggestion that the membrane morphology is mainly determined by wet phase
inversion step. Although the evaporation of volatile solvent creates denser polymer
layer and also the formation of skin layer begins in this period; a new
thermodynamic equilibrium will be established in the quenching medium and the
thickness and properties of skin layer is mainly depending on this new
thermodynamic equilibrium. For our polymer-solvent-nonsolvent system, a sharp
concentration gradient and fast solvent-nonsolvent exchange may be formed within

a thin layer which will be constituted the dense skin layer, laterally.

The thickness of transition zone increased in proportion to the amount of
acetone content of polymer solution. This is attributed to the increment in the
thickness of densified polymer layer due to evaporation of higher amount of
acetone. The formation of transition layer was observed by several authors
(Yuenyao et al. 2015, Ismail et al. 2011, and Ismail and Lai 2003).

The largest total thickness of membrane was measured as 461 um belonging
to PP-47 (11.4% AC solution). When the amount of acetone increased twofold in
the casting polymer solution, the total thickness of membrane PP-37 decreased to
180 wm. This observation is compatible with my expectation. Because as the
amount of acetone increased in the casting solutions more acetone evaporated
during dry inversion, hence denser polymer solution quenched in wet inversion and
volume of membrane shrank as expected. However, further increase in the content
of acetone (from 22.9% to 34.3%) led to increment in the total thickness of
membrane. The tendency of increase in the total thickness despite the densified
polymer solution can be explained by the pore structure. While the acetone content

was 22.9%, the membrane support layer was made up of only spongy pores. While
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the amount of acetone increased, larger pores in elliptical form formed which
provided larger volumes. In literature, general opinion is decrease in the size of the
pores because of acetone incorporation. Madaeni et al. 2005 observed decline in the
size of the pores and number of fingerlike pores due to involving of 6 wt.% acetone
into PSF/NMP solution. This is attributed to the densified skin layer provided by
evaporation of acetone during dry inversion. On the other hand, according to
Ahmed at al. 2013, adding acetone shifted the PES/DMF/acetone solution towards
binodal curve, thereby coagulation of casting polymer solution was enhanced.
Furthermore, the viscosity of polymer solution decreased with increasing the
acetone content, which accelerated the solvent-nonsolvent diffusion rate. As a
results, the pore size and skin thickness of membrane prepared with
Acetone/DMF/PES solution were larger and thinner, respectively compared to the
membrane prepared with DMF/PES solution. The concentration of acetone was
between the range 23-25 wt.% in the study carried by Ahmed et al. 2013. Our
observation about pore morphology for acetone content less than 22.9 wt. % was
compatible with Madaeni et al. 2005 who studied polymer solution with acetone
content 6 wt.%. Our observation about pore morphology for acetone content higher
than 22.9 wt. % was compatible with Ahmed et al. 2013 who studied polymer
solution with acetone content 23-25 wt.%. Hence it was deduced that depending on

the acetone concentration morphology of membrane may show different trend.

283



Table A.3 Morphological properties of asymmetric PES membranes prepared via
DWPI method. AC content of the membrane solution was the investigated
parameter. Casting film was standing 15 min free-evaporation before wet phase
inversion in 500 ml water quench bath.

Code | Membrane solution | Skin layer | Transition Total Pore
content thickness zone Thickness | shape
(um) thickness (um)
(nm)

11.4%AC- 0.13 2.81 461.79 Spongy
5 22 9%PES- + Finger
- 65.7%DMF like

22.9%AC- 0.200 5.88 183.76 Spongy
5 22.9%PES-
- 54.3%DMF

28.6%AC- 0.128 12.27 192.41 Spongy
3 22.9%PES-
- 48.6%DMF

34.3%AC- Non- 14.35 213.68 Spongy
ﬁ 22.9%PES- measurable
- 42.9%DMF

284




500 pm
METU CENTRAL L

285



Figure A.1 PES asymmetric membranes prepared from PES-DMF-Acetone
solution with different acetone (AC) content via DWPI method for 15 min free
evaporation during dry inversion period. PP-55 with 34.3% AC.

Effect of Acetone Content of the Casting Solution on Gas Separation
Properties of Asymmetric PES Membranes Produced via DWPI Method for
15 min free-evaporation

The gas test results of DWPI membranes were listed in Table A.4. The gas
permeance of membranes (PP-37, PP-41, PP-44) were 67.80 GPU for H,, 19.33
GPU for CO2 and 11.57 GPU for CH4. These values were more than 100 times
higher than the permeance of PES membranes prepared via wet phase inversion in
IPA quenching bath. These values were well above the CO2 permeance values for
neat asymmetric flat PES membranes reported in the studies carried by Saedi et al.
2014 (11 GPU CO2 with 25 CO2/CHjs selectivity), Saedi et al. 2012 (6.75 GPU CO>
with 18.1 CO./CHa selectivity), Ismail et al. 2015 (0.94 GPU CO; with 16.94
CO2/CHjs selectivity). The H2/CO2, CO2/CH4 and H2/CHjy ideal selectivity values
were 3.53, 1.74, and 6.10; respectively, which were significantly lower than listed
in literature. The Knudsen diffusivity selectivity values were calculated as 4.69,
0.60, 2.83 for Ho/CO2, CO2/CH4 and H2/CHa, respectively. The experimental ideal
selectivity values are well below the intrinsic selectivity values of PES (CO2/CHas
= 30, Li and Chung, 2008) and slightly higher than Knudsen diffusivity selectivity.

This was attributed that gas permeation through membrane was mainly carried out
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Knudsen diffusion mechanism instead of solution-diffusion mechanism. This was
an evidence that the dense layer included non-selective voids with size of 2-50 nm
in which Knudsen diffusivity is dominant. However, the porosity of membrane
(closed pores or thin skin layer) an additional permeance retardancy hence the

experimental selectivity values were larger than Knudsen selectivity.

The 6% increase in AC content of the casting solution led to 24.5% and
24.8% and 43.6% of decrease in Hz, CO2 and CH4 permeance, respectively with
slight enhancement in ideal selectivity values. Further increase in AC content is

provided by further reduction in permeance without any enhancement in selectivity.

The variation in the gas separation performance of the membranes
depending on AC content had been tried to be explained by the morphological
structures of the membranes. As observed previously and according to my previous
experience (see Chapter 2), gas permeance of PES membrane was inversely
proportional to its dense skin layer thickness. Based on SEM micrographs of DWPI
PES membranes (Figure A.1 or Table A.3), the thickness of dense skin layer was
remaining constant despite the change in the AC content. However, the thickness
of transition zone increased by 2 fold corresponding to redounding the AC content
of casting solution by 11.4% and 6%. Probably, this zone was made up of closed
and fine pores and the main resistance against the gas permeance was provided by
this transition zone. The decrease in permeance with enhancement in selectivity
was experienced by several authors in literature. Krol et al. 2001 reported that by
increasing acetone content from 30% w/w to 37.5% w/w the O, permeance of
polyimide membrane decreased from 4 GPU to 1.2 GPU which was attributed to
the reinforced evaporation step because of acetone. Barth et al. 2000 reported
reduction in flux and very high retention of solutes due to including 3% acetone in
the polymer-DMF solution and this phenomenon was ascribed by densified and
concentrated polymer layer on the upper part of the membrane despite the fact that
it could not be observed any significant change in morphological structure based on
SEM images. Madaeni et al. 2005 observed decline in milk flux due to involving of
6 wt.% acetone into PSF/NMP solution. Chabot et al. 1997 prepared PVDF
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membranes and documented that evaporation of acetone prior to wet phase
inversion increased the density of membrane and resulting in higher selectivity.
Ahmed at al. 2013 induced that the lower permeance and excellent rejection of
solute for PES membranes, despite the thinner skin layer. This result shows that the
quality of the skin layer such as porosity or defects is as important as its thickness.

Mixed matrix DWPI-PES membranes gas separation performance were also
listen in Table A.4 Such a high gas permeance value (340 GPU for CH4) with low
selectivity indicated the existence of non-selective voids because of both clustering
of ZIF-8s and nature of DWPI production method. Hence the effect of ZIF-8s

loading could not be investigated objectively.

PDMS coating is widely used method in membrane technology to plug the
pores. The several authors who prepared asymmetric mixed matrix polymeric
membrane for gas separation, used and suggested PDMS or Poly methyl
hydrosiloxan (PMHS) coating for effective separation (Dorosti et al. 2015,
Zulhairun et al. 2014-a, Ismail et al. 2015). Coating the membrane with dilute
PDMS solution dominates the sorption-diffusion mechanism by plugging the non-
selective pores. The performance of PDMS coated membranes was also provided
in Table A.4. After PDMS coating, permeance of each membrane decreased. For
each membrane type, the Ho/CO- selectivity decreased to nearly 2.5 which is the
intrinsic Ho/CO; selectivity of PES while H2/CHs and CO2/CHas selectivity
increased after PDMS coating, however those were still well below the intrinsic
CO./CH4 and H2/CHjs selectivity of dense PES film. The ideal selectivity of neat
PDMS membrane were reported as 3.3 for CO2/CHs (Hussain and Konig 2012,
Sridhar et al. 2007); approximately 0.6-0.7 for H2/CH4 (Orme et al. 2003, Basu et
al. 2010) and ~0.3-0.2 for H2/CO> (Orme et al. 2003, Basu et al. 2010). Ideal
CO2/CHjs selectivity values of DWPI- neat PES membranes coated with %3 PDMS
solution were 9.76, 25.2, 11.8 corresponding to the AC content of membrane
22.9%, 28.6%, 34.3%, respectively. After PDMS coating, ideal H2/CHj4 selectivity
values of neat PES membranes were increased to 23.2, 57.7, and 24 corresponding
to the AC content of membrane 22.9%, 28.6%, 34.3%, respectively. These ideal
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selectivity values are considerably higher than that of neat PDMS membranes. This
phenomenon is strong evidence that PES membrane layer was dominant in gas
separation, and PDMS coating layer acted only as plug for non-selective voids. The
reason that the selectivity values of the membrane were lower than the intrinsic
selectivity of dense PES membrane is attributed to the expansion of free-volume of

the polymer which changed the gas separation properties of polymer significantly.

Among PDMS coated membranes, the highest selectivity values belong to
membranes (PP-45, PP-56) prepared from solution including %28.6 acetone. For
this type of membranes; Hz, CO, and CH4 permeances were 12.69, 5.55 and 0.20
GPU, respectively. On the other hand, H2/CO2, H2/CH4 and CO2/CHjs selectivities
were 2.29, 57.72 and 25.25 respectively. Among the membranes prepared wet
phase inversion method, the highest selectivity belongs to membrane coagulated in
%2 water- %98 IPA bath (Table 2.9). Hz, CO2 and CH4 permeance of this type of
membranes are 0.41 GPU, 0.18 GPU and 0.0050 GPU, respectively. When we
compared these two types of membranes, it was observed that CO2 permeance
increased approximately 30 fold meanwhile CO,/CHjs selectivity reduced by half.

The highest permeance values belong to membranes (PP-37, PP-41, PP-44)
prepared from solution including %22.9 acetone. For this type of membranes; Ho,
CO. and CH4 permeances were 24.16, 10.16 and 1.16 GPU, while H2/CO2, H2/CHa4
and CO2/CHjs selectivities were 2.37, 23.21 and 9.76 respectively. Among the
membranes prepared wet phase inversion method, the highest permeances belong
to membrane coagulated in %10 water- %90 IPA bath (Table 2.9). CO, permeance
of this type of membranes is 0.44 GPU with 15.3 ideal selectivity of CO2/CHas. By
comparing these two types of membranes, it was observed that CO2 permeance
increased 23 fold while the CO,/CHj4 selectivity decreased slightly from 14.6 to
9.76 by means of DWPI method.
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Mixed matrix PES/ZIF-8 membranes via DWPI method were also tested in
terms of gas separation performance. The results were as indicated in Error! R
eference source not found.6. MMMs did not show any selectivity unless PDMS
coating. CO. permeance of MMM-31 prepared from solution including 0.1gr 65
nm ZIF-8 and %22.9 acetone was 44.5 GPU and CO2/CHjs ideal selectivity is 3.27
after PDMS coating. Among MMMs prepared via NIPS method, the highest
selectivity and permeance belong to MMMs (MMM-10, MMM-25) including %10
65 nm non-annealed ZIF-8 (Table 4.14). CO2 permeance of this type of membrane
was 0.38 GPU and CO/CHjs selectivity of them was 37.6. By comparing MMMs
prepared via two different methods (DWPI and NIPS), it was depicted that CO>
permeance increased more than 100 fold while the CO2/CHjs selectivity decreased
sharply from 37.6 to 3.27. Increase in acetone content of solution (MMM-30)
caused to approximately 45% decrease in Hz and CO2 permeance and
approximately 20% decrease in CH4 permeance without any enhancement in ideal
selectivity. The increment in AC content in the membrane created denser membrane
layer, however the variation in both morphology and free-volume of polymer layer

due to existence of ZIF-8s prevented the high selectivity.

Effect of Light Exposure: Morphological Properties of Asymmetric PES
Membranes Produced via Forced Dry Inversion LIDWPI Method for 15 min
Light Exposure

Figure A.2 showed the SEM micrographs of asymmetric PES membranes;
PP-60 and PP-62 which were prepared PES solutions made up of 22.9%PES-
22.9%AC-54.2%DMF and exposed 15 min and 10 min IL light, respectively.

The PP-66 and PP-64 which were prepared from 22.9%PES-28.6%AC-
48.5%DMF and exposed 15 min and 10 min IL light during dry inversion,

respectively. Their SEM images were provided in Figure A.3.

At first glance on SEM micrographs, the morphological properties of
membranes produced via LIDWPI method were not affected by neither IL exposure
period nor content of AC. Their common properties were very-thin skin layer,

finely-pored transition zone, support layer with spongy and finger like pores. The
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only difference can be noticed was the reticular form of the pores walls of

membranes prepared from solution with 28.6%AC.

If these two figures are compared it is observed that the selective skin layer
of membranes prepared via LIDWPI is more pronounced than that of membranes
prepared via DWPI method. This phenomenon is indicative of the fact that light
energy induction enhances evaporation of volatile solvent (acetone). Therefore,
denser and more pronounced skin layer was obtained. The support layer
morphology of these two membranes which were prepared by two different
methods is similar. Since the support layer formed during wet inversion step, this

result is as expected.
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Figure A.2 SEM micrographs of membrane prepared from 22.9%AC-22.9%PES-
54.2%DMF solution DMF solution and exposed 15 min. incandescent lamp light
for dry inversion. (A) cross-section, (B) transition layer and (C) selective skin layer.
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Figure A.2 (Cont.) SEM micrographs of membrane prepared from 22.9%AC-
22.9%PES-54.2%DMF solution DMF solution and exposed 10 min. incandescent
lamp light for dry inversion. (A) cross-section, (B) transition layer and (C) selective
skin layer.
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Figure A.3 SEM micrographs of membrane prepared from 28.6%AC-22.9%PES-
48.6%DMF solution DMF solution and exposed 15 min. incandescent lamp light
for dry inversion. (A) cross-section, (B) transition layer and (C) selective skin layer.
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Figure A.3 (Cont.) SEM micrographs of membrane prepared from 28.6%AC-
22.9%PES-48.6%DMF solution DMF solution and exposed 10 min. incandescent
lamp light for dry inversion. (A) cross-section, (B) transition layer and (C) selective
skin layer.

The quantitative investigation results of PP-60, PP-62, PP-64 and PP-66
were provided in Table A.5. For two different AC content (22.9% and 28.6%),
increasing IL exposure period from 10 min to 15 min did not affect the thickness of
skin layer and the thickness of transition zone. Probably, the thickness of dense skin
layer or transition zone layer fixed during IL exposure period for less than 10 min.
Hence further increase in exposure interval did not alter the properties of
dimensions. However, by increasing IL exposure 5 min, the total thickness of
membrane increased by 9.5 % and 7.5 % corresponding to membrane including
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22.9% and 28.6% AC, respectively. One of the possible explanation was the

thermal expansion of polymer chain.

When the IL exposure kept constant, the increase in the AC content of the
solution from 22.9% to 28.6% led to 3-fold increment in transition zone thickness
while its effect on total membrane thickness was insignificant. The percent
extension in skin layer thickness was approximately 20% due to additional AC in
the solution. The extension in both dense skin layer and transition zone thickness
was a result of the densified polymer solution due to larger amount of AC
evaporation as suggested by Krol et al. 2001. As suggested by Shieha and Chung
1998, the denser or thicker skin layer leads to retard interfacial solvent-nonsolvent
exchange in subsequent coagulation. Probably, the significant increase the
transition zone layer with approximately 30 nm increase in skin layer may be
originated from the retardation of solvent-nonsolvent exchange rate because of
resistance of denser and thicker skin layer. Hence the region of small-pores

increased.

Membranes produced by the LIDWPI method have a thinner total cross-
sectional thickness and a thinner transition zone thickness and thicker dense skin
layer thickness than the membranes produced by the DWPI method. Since the IL
exposure enhanced the evaporation of AC., casting polymer solution became denser
and more stable for wet phase inversion step. As a result, shrinking in porous layer
(such as porous support layer thickness or finely-pored transition zone thickness)
or increasing in the thickness or density of non-porous dense skin layer can be

observed.
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Table A.5 Morphological properties of asymmetric PES membranes prepared via
LIDWPI method. AC content of the membrane solution and IL exposure period
were the parameters inquired. The wet phase inversion period was performed in
500 ml water quench bath.

Code Membrane | IL exposure Skin layer Transition Total
solution period thickness zone Thickness
content (min.) (nm) thickness (nm)

(nm)

PP-60 | 22.9%AC- 15 150 1.74 163.07
22.9%PES-
54.3%DMF

PP-62 | 22.9%AC- 10 150 191 148.7
22.9%PES-
54.3%DMF

PP-66 | 28.6%AC- 15 180 5.43 161.3
22.9%PES-
48.6%DMF

PP-64 | 28.6%AC- 10 190 6.1 150.1
22.9%PES-
48.6%DMF

Gas Separation Properties of Asymmetric PES Membranes Produced via
LIDWPI Method

The gas test performances of PES membranes prepared LIDWPI method
were listed in Table A.6. For the membranes prepared from solution with 28.6%
AC, the permeance of membrane via LIDWPI was very close to that of membrane
produced by DWPI and coated with PDMS. This made us think that by the help of
the light induction, it will be possible to change the gas separation property of the
membrane without coating. However, the selectivity values were the same as the
selectivity values of the DWPI membrane, which did not be coated with PDMS.
Presumably the interaction between PES and water and the rate of displacement of
water and solvent interfered with the formation of a completely defect-free PES
membrane. The polymer surface was tried to rigidify to prevent these defects by IL

induction, but it was not enough.
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The permeance of PP-60 was lower than that of PP-66, but had almost the
same ideal selectivity. This is the opposite of what is expected, according to our
experience, as the AC content of solution increased, the permeance of membrane
decreased. Probably, 15 minutes IL exposure caused to evaporation of large amount
of AC, when the AC content of the solution was low, the degree of rigidification of
polymer layer hindered the high permeance. For this reason, exposure to IL reduced
to 10 minutes, considering 15 minutes was too long. The 5 minutes’ decrease in the
IL exposure provided to enhancement in Hz and CO. permeance by 2 fold and in
CHa permeance by 2.8 fold, when the AC content of the solution was 28.6%. For
membranes prepared solution with 22.9% AC, H2 and CO, permeance increased 9-
fold while CH4 permeance increased 20 fold due to decreasing IL exposure period
from 15 minutes to 10 minutes. However, the ideal selectivity values were still

considerably lower than the intrinsic selectivity values of dense PES membrane.

If membranes prepared two different methods; namely LIDWPI and DWPI
were compared, it was observed that permeances of membranes decreased due to
exposure of light energy. However, the selectivity enhanced slightly.
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Table A.6 Gas separation performance of neat PES membranes prepared via
LIDWPI method.

IL | Content « | Permeance (GPU) Ideal Selectivity
3| H2 CO2 | CHs | H2/CO2 | H2/CHs | CO2/CH4
O
%23 Act- 944 316 |113 |299 8.35 2.80
%23 PES- | o
%54 DMF g_?
o
%29 Act- 1483 | 454 183 |[3.28 8.1 2.48
%23 PES- | o
~ | %48 DMF | €
L &
%23 Act- 86.82 |27.88 | 2248 |3.12 3.87 1.24
%23 PES- |
%54 DMF | %
o
%29 Act- 30.79 |856 [524 |3.59 7.26 2.04
%23 PES- | «
. %48 DMF | €
=] o
Y o

In order to increase these selectivity values, it was decided to used different
polymer instead of coating PES with PDMS. Because, as described in the previous
part, the selectivity values were significantly lower than the intrinsic selectivity
values of the PES despite PDMS coating. When the PES membrane prepared by IL
exposure, the selectivity values were still well below the target values, despite the
low permeance values (for example PP-60). The low selectivity even at low
permeance made me think that the characteristic of PES film which determines the
gas separation properties of membrane such as free-volume changed during phase
inversion (Kesting et al. 1990, Fritzsche et al. 1990).

Comparison of Membranes produced via NIPS, DWPI and LIDWPI Methods

in terms of Morphological Properties

Membranes produced by the NIPS method have very thick dense selective
layer with 25 um and support layer with spongy pores. For NIPS method, when the
water content of quenching medium increased to 25%, the dense skin layer could

300



not be obtained, only porous membrane layer with spongy and finger like shape
were observed. Membranes produced by DWPI method were composed of three
layer, namely dense skin layer with thickness less than 200 nm, transition zone with
finely pores, support layer with both spongy and finger like pores. At first sight,
DWPI membranes and LIDWPI membranes have very similar morphological
features. At a closed examination, the thickness of skin layer increased by 30% and
the thickness of transition zone and total membrane decreased by approximately
65% and 10%, respectively with respect to those of DWPI membranes. Because IL
exposure during dry inversion produced denser polymer casting layer before wet
quenching step.
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B. CALIBRATION OF GC

For the analysis of feed and permeate gas compositions, gas chromatograph
was calibrated for CO, and CH4 gases. For calibration, each gas was fed to GC
separately at several pressures between 0 and 100 Torr, and the areas under the
peaks were recorded for all pressures. Then, the pressure versus the corresponding
area were plotted as calibration curve for both gases. Pure gas calibration curves for
CO2 and CHj4 are shown in Figures B.1 and B.2, respectively. These pure gas
calibration curves were used so as to calculate the partial pressures of each

component in binary gas mixtures.
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Figure B.1 The calibration curve of CO; for GC analysis.
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Figure B.2 The calibration curve of CH4 for GC analysis.
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