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ABSTRACT
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Supervisor: Prof . Dr. Hal il Kal

Cosupervisor: Prof. Dr. Levent
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Solvent recovery is an important issue in chemical industry whepioguct cost

is desired and also environnial concerns are consideretihe conventional
method for solvent recovery arextractivedistillation, adsorption, extraction and
absorpion. However, these methodsquire excessive amounf energy, cause
prodwct contamination due to additional components and neesh ltanditions.
Pervaporation separation is independent of the viagpaid equilibrium; therefore,

it is a suitable technique especidity separation of azeotropic mixturdsthanol
forms azeotrpe with water and ethanol dehydration is one of the most popular
usage area of pervaporation since high pwthanolis required for use as biofuel
andin pharmaceutical industryzor pervaporation applications, better performing
membranes are desiredarder toachieve high purity with faster separation.

In this study, asymmetric pure PES and PES&IRembranes were preparey
nonsolvent induced phase separation (NIPS) technigiso dense pure PVA
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membranesvere prepared with solvent evaporatitechnique They were cross
linked both thermally and chemically with glutaraldehyde solution. PVA&IF
MMMs were prepared with 5 wt. % Z1& loading anatrosslinked chemically. In
order to examine the effect of particle size of-BlErystals on the peaporation
performances, MMMs were prepared with ZAFerysals whose particle sizes were
17, 81,190 and 349 nm. The pervaporatioperformance of allmembranes were
tested with ethanelater (10/90 wt. %) mixture at 25°C

Asymmetric pure PE&embranes prepad by wetphase inversion technique and

were annealed at three different temperature (40°C, 50°C and 7H€)nost
selective membranes were the ones annealed at 50°C and had an average selectivity
of 15.6 with an average flux of 71.5 gim Besides, lte flux of 5 wt. % ZIF-8
incorporated membranes was as twice as the flux through the pure PES membrane;

however, a selectivity decrease of 75 % was observed.

Pure PVA membranesereprepared from 8B9 % degree of hydrolysis PVA and
crosslinked by thermh treatment at different teperatures (90°@60°C) for
different times (1 hour and 48 hours). 1 habermal treatment caused an excessive
decrease in normalized flux and a 20 % approximate increase in selectivity when
compared to nottreated membranedhese membranes wesdso crosdinked
chamically with GA solution havingGA concentration 0f0.53.0 wt. %
Membranes croskinked with solution containing 0.5 wt. % GA had the highest
selectivity (18.4, water/ethanol) with normalized flux value of 5800gamrh, in

average.

Pure PVA membranes also prepared from 98 % degree of hydrolysis PVA and were
crosslinked chemically with GA solution havinGA concentration of 3-1.5 wit.

%. Membranes crodmked with solution containing 0.5 wt. % GA had the highest
selectivity and normalized flux with éhaverage values of 77.2 and@2um g/nth,

respectively.

In order to observe the effect of particle size of-ZlErystals on the performance
of PVA membranes, the 5 % (w/w) ZB-loaded PVA/ZIF8 MMMs prepared
using ZIF-8 with paticle size of 1 /hm, 81 nm, 19@m and 340 nm. It was observed

that, both normalized flux and selectivity of MMMs did not have a regular agnd
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a function ofparticle size of ZIFB particlesThe best performinlyIMMs were the
onesfill edwith 190nm ZIF-8 with an average normalize flux @B0Oum g/nth
and selectivity 066, which was% 64 greater than the selectivity of pure PVA

membranes

Keywords: Pervaporation, Mixed matrix membranes Zeolitic Imidazolate
Framework8 (ZIF-8), Ethanol dehydration
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ZIFF8 K¢EREN PVA VE PES KARI kI K MATRKSLK MEN
ETANOL C¢¥ZELTKLERKNKN SUSUZLAKTIRILMASI K¢K

kenyurt, EIlif Krem
Yé¢ksek Lisans, Ki mya M¢hendi sl iJi
Tez Yoneticisi: Prof. Dr. HalKa |l ép- él ar

Ortak Tez Y°neticisi: Prof. Dr . Le

AJ u s201h 422sayfa

¢°z¢cCy ger i kazanémé, ki myasal end¢gstrisin
sorunsal di kkate aléendéjéhdagc ngeti bazarkeém
i -1 n kbhk &koneisigamel metotlar, 6zitlemelameé t ma |, adsorpsiyon

Ozutlemeve absorpsiyondur. Ancak bu yontemler fazla enerji tukettikleri gibi

fazl adan ki myasal ¢kylinl alkniémléinldiajni neo |l sag/ e p (
Pervaporasyams é-bwkar dengesindent ki | enmeyen Dbir ayérma y?©°.
bu y°ntemi-k8yeat i kheewaml arén ayérél maseée i

Et anol -ksauy nialre bekr kar ékém ol uktur maktadeér . E
bioyakét ama-1¢é& kullanémégerekhmghkhkeadkr saBl &K
etanol susuzl akteéerél masé pervaporasyonun po

Bu -al eékmada, asi m8karkekéehkhf mMRBEBIi sbi PBMEMBI BEn
ol mayan madde i-inde faz ayér éméamay®°nt e mi i

y°ntemi ile yojun saf PVA membranlar da ¢r et
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ki myasal ol mak ¢zere iki Kekil de -apraz

gluteraldehit (GA) - ° e lktairik éikl enajta g &ll mé
ajéer| 8kF8 do@l gusu il e hazérl anméek8ve GA
par - acék boyu&8 ukanéekPeVkA/ ma Er i s | i me mbr an

p er f o ramekisirsnéincelenmesi icin, 17 nm, 81 nm90 nm ve 340 nm
boyutl a8Béseat 2kF e rermbk amd aR\VAA ekl enmi Kt i r .

deneyleri ajérl éeksw Karlk smeé ii-lea eh5 & tdea o

Asi metri k saf PES membranl ar éesl ak faz ¢
deji ki k sécakl ékta tavl animémambr §l0aArCén 5
de tavlanan membranlar ol duju g°r ¢l megkt ¢
gm’. saodtir. Bunun -8yan&@hdam%pdr -Aalckk boy

membr anl arén akél arénén saf PES membrané

kagyéol duju g°zlenmiktir. PES membranl ar €
kal enlakteéermak i -1in, saf PES membranl ar
-0 z¢C4 Uu-ur maya mar uz béerakeéel mékteéer .

goruntilerinde 60 dk. ¢oziclugcleny a mar uz kal an saf PES m

tabakal aré daha kal éndeér .

%889 hidrolize PVA ile hazérlanan saf P
(90AC, 100AC, 120AC, 140AC and 160AC) v«
t er mal ol arakteéermpr 8af bBVAammeaeanwr anl ar én

ayréeca GA deri ki mi % 0, 5, 1,5 ve 3,0 ol g
se-icili k GA deri Ki mi % 0,5 ol an -9°9zel ti

edil miktir (se-icilungnfsh8, 4, nor mal i ze ak

Saf PVA membranl ar ayné zamanda hidrol:ii

hazérl anméktér. ¢apraz bajl amal aré GA de
il e yapél mékteéer. En y¢ksek se-icilik GA
baj | ammmr aml ar il e el de edi |l mi ktymr (se-|
g/nm’sa)

ZIF-8 kri stall erinin pa8r -kaacréeékk ébko ynuatturni usnl iP W

pervaporasyon perforemaksamacelydma etaki-@aicrme

nm, 81 nm, 1900mve 340 nmolanZIB8 i |l e membr anl|l a8 hazeér|l



i -eriji ajéerlek-a % 506tir. HMedm nn rama laicz2e& f |
boyutuna gore dizenli bir trendgd er meAny &rtma .per f or mansé en i
membr anl ar par-am&kK8bblethaz80] aBuao!| membr an
membr anl ar én or t d80Aumag/ms ar mael iszee iaxkadd§gi 6 6 0

se-icilik dejeri saf PVA membranlara g°re %

Anahtar Kelimeler: PervaporasyonKar € K € k mat r i Bebltik membr anl &

Imidazolat Kafes8 (ZIF-8), Et anol susuzl aktér él maseé
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CHAPTER 1

INTRODUCTION

Membrane is a thirilm of natural or synthetic matergbkeparatingwo phases
which allows selectivetransportation between these phaseMembrane is
permeable to a certain molecule, particle or componentwaiidthe help of a
driving forceit transfers thicomponenfrom a mixtureto the other side of the

membranend separation is achievgq.

Membrane separation processes areeed® operate andise energy more
efficiently when compared to the conventional separation techniques like
adsorpton, absorption and distillatid&i 6]. Thereforeduring the past fewecades
these pocesses have started to be employedindustry more commonly
Pervaporatioris a membrane separation technique that is used for separation of
liquid mixturesand research on development of both hydrophilic and organophilic

membranes for pervaporation Heesen going omtensively[1,5].

In pervaporation procedeed solution, a ligad mixture is in contact with the
membrane and one or more of the compon@rgemeateyemoved from the feed

and are taken from the permeate side in vapor pfgsé&elective pasing of
molecules through membrane takes places dtleetopolarity, higher afhity and

faster diffusivity. These moleculeareinstantlyvaporized andemoved from the
membrane surfad&]. Componentn the feecevaporatewhenpassing through the
membrane because lower partial pressure of the permeating component is provided

then equilibrium vapor pressura this casein orderto create driving forcéor



mass transfegither va&auumor inert carrielgasis used In Figure 1.1 the schematic

drawing of pervaporation can be s¢2y4,5].

Molecular transport during the pervaporation process is explained mostly with
solutiondiffusion mechanism.This mechanism states that, firgermeant
molecules are sorbed selectively by the membrane, then the molecules diffuse
through the membrane and finally they are desorbed at the other inteoptiase
membrangl,4,7 9].

feed retentate feed retentate
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Figurel.1 Schematic draimg of pervaporation proce§k]

permeate

Performance of agrvaporation membrane isported with two maingrameters,
flux and selectivity[8]. Flux is defined as total amouot material that permeated
through the membrane per unit membrane area in unit time and calculated by the
Equation 1.1,

v Y (1.2)
whereQ is the mass of permeate (§)js the active membrane area?jrand t (h)

is the operating timg3,10].

Selectivity is related to theapability of the membrane to separate the desired

components from the feeahd calculated by the Equation 1.2,

| — (1.2)

where xand x show the weight fractions of component i in the feed solution, y
and y show the weight fractions of componemt the permeatfs,10].



For pervaporation applications, higelectivityand flux are desired since these
indicatemore selective process afabter separatiorBoth flux and selectivityare
directly related to the membrane and component propeki@seover, operation
conditions such as temperature &ed compositioomay affect these parameters
[11].

Pervaporation separation is independent of the visgpaid equilibrium; therefore,

it is a suitable technique especially for separatibazeotropic and clogeoiling
mixtures[12,13]. Solvent recoverys an important issue in chemical industry when
low product cost is desired and also environmental concernsoasédered8].
Etharol forms azeotrope with water (4.4 wt. % water concentration) and ethanol
dehydrations one of the most popular usage area of pervaporation since high purity
is required for use as biofuel and pharmaceutical use. Therséparation
techniques for recovg and purification of these solvents should be developed in

order todecreaséhe product cost and to be competitive inrnrerket[8,14].

Pervaporation membranes can b&egorizel according to their materialseramic,
polymericand composite membrands5]. Ceramic membranes are produced from
silica, alumina and zeolites. These membranes are durable to high temperature and
pressure, harsh chemicals. Also their fluxes and selectivities are quit©higjine

other handtheir mechanical resistance is lothey are brittle and expensive
[1,5,8,15] Polymeric membraneare advantageous sintieeir fabrication cost is
relativelylow also they are flexible and easy to process. However, they have limited
resistace to chemicals and tempaure also suffer from swellirj§,15]. Selecivity

and permeability have tendency to be affected by swelling of polymeric

membraneswhile selectivity de@ases higher flux is achievgl2,16].

Poly (vinyl alcohol) (PVA) is a commonly used polymer for pervaporation
membranes with ithydrophilicity, good chemical stability, film forming ability,
and low cost. However, since PVA is a water soluble polymer, the stability of PVA
in aqueais solutions is limited whicteduceshe membrane performanespecially

in dehydration process¢k7,18]. For preventing the PVA membranes suffer from
swelling excessively, they are crdssked either thermally or chemicallyor

ethanol dehydration purposes highest fluxes are obtained with PVA membranes



crosslinked with carboxylic acidike glutaraldehydeSelectivities of chemically
crosslinked PVA membranes ranged from 70 to 380 and permeation rates from 30
to 1600 g/mhat 3075 UC, a ctbeoopedatingegnpetaturefeed ethanol
concentration and crodisiking agent. The major drawback of the PVA membranes

is swelling which makes the membranes more permeable and causes a decrease in

selectivity[4].

Mixed matrixmembranes composed of two phases; a continuous phase which is
polymer and a dispersed phasengists of inorganic mateals [19,20] By
incorporation of inorganic fillers into polymeric membranes, combination of
desired properties of ceramic and pogric membranes can be possiBld.5]. For
example, mechanical properties of membranes might enhancesvegiting
problem might reduceTherefore, it is expectedMMs to have impoved
pervaporation performand8]. However, there are still unsolved problems about
the MMMs and most crucial one is incompatibility between inorganic fillers with
the polymer phaseThis problem cause neselective voids and therefore,

sdectivity of mixed matrix membranes cée affecied negatively(19,20]

Mixed mdrix membranesfor dehydration purposeprepared withvariety of
inorganic particles zeolites and carbon nanotubes are the most popular ones
becausethey have been improved the pervaporatiorfgoerance of polymed
membraneq21i 24]. Neverthelessjt is examined that, lower interfacial area
between polymer and filler due to incompatibility between polymer matrix and
filler also large inorganic fillersprevent the enhancement of pervaporation

performancg23,24]

Metal organic frameworks (MOFs) aiaorganicorganicfillers which are consist

of the functional groupthat are the organic ligands and the metal ions or clusters.
[15,25 27]. Zeolitic Imidazolate Framework&IFs), a subfamily of MOFs are
tetrahedral frameworks which link Zn clusters with imidazolate hisdg a zeolite

like structure[28]. ZIF-8 has a sodalite topology and is a really attractive filler
because of uniform pore size, hititermal and chemical stabili{8,29] ZIF-8
crystal has beergenerallyexamined as filler material for MMMsasal for gas

separation pyosesMany researchers have workeddik-8 as filler materialith



different polymer matrixes and reported that, enhanced permeabilitiesamité
increase in selectivitig80i 32]. Neverthelessthere are limitedstudies about the

ZIFs as filler material in MMMdor pervaporation.

In this study,the main aim was$o develop polymeric pervaporation membranes
with high flux and selectivityFirst of all, asymmetric membranes witbhn-solvent
induced phase separation (NIPS) technique were preplned both symmetric
and asymmetrimixed matrix membranes (MMMs) were synthesiaad the effect

of ZIF-8 as a filler material was investigatéd first, asymmetric membranes were
prepaed using the polyethersulfone (PEB)X membranes were annealed at three
different temperature (40°C, 50°C and 70°Then ZIF-8 particles were added

the proportion of 5 %f the polymerPES. After that polyvinyklcohol (PVA) a
more hydrophilic polyrar than PESwith the degree of hydrolysis &9 % and 98

% usedfor membrane preparatiomhe dense PVA membranes synthesized with
the solvent evaporation techniguBure PVA membranes were crdssged
thermally and the effect of cre$isking time andemperature on the pervaporation
performance were investigate@ther than the thermalrasslinking, PVA
membranesvere also crosslinked chemically and the crodisking solution was
containingglutaraldehyd€GA), sulfuric acid (HSQy), water and acet@enTheGA
concentrationwas between 3.0 % and 0.5 #nd the water concentration was
between 0 % and 20 %y weight. After determination of suitable water afh
concentrations, ZH8 particles were added to 98 % hydrolyzed PVA membranes.
Finally, in orderto examineeffect of particle size of ZH8 crystals on the
pervaporation performances, MMMs were synthesized with&dFystals whose
particle sizes were betwedid, 81, 190and 340nm. ZIF-8 crystals with different
particle sizes were synthesized at room temperature ffieactionmixtures with
different methanol molar ratio method and reayglimother liquor methodology
[29]. Synthesized ZIF8 crystals were characterized byray diffractometer and
scanning electron microscopy (SEMJhe pervaporation performance of all
synthesized membranes weestedwith ethanolwater (10/90 wt. %)mixture at
25°C.






CHAPTER 2

LITERATURE SURVE Y

2.1Polymeric Pervaporation Membranes

The pervaporation process through a polymerembrane (Figure 2.9enerally
explained by the solutiediffusion mechanismAccording tosolutiondiffusion
mechanismmass transfer through then-porouspolymeric membrane takes places
in three stepdjrst, permeant is sorbed by the membrane surfsemond, permeant
diffuse through the membraia@d third it desorbfom the other interphase of the
membrane in vapor pise [7,16]. This mechanism represented in Figure 2.2
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Figure2.1 Pervaporation through a polymeric membr§ie

Therefore, separation during pervaporation is dominated by the chemical properties
of the membrane nberial, the physical structure of the membrane, and the

permeanermeant and permeant membrane interacti®ogption step can affect



diffusion and evaporation steps meaning thatfds sorption of permeant might

result in better separation performance.

Membrane

o}
Dissolution

—— i \ Permeate

yvapor

. O §
O & )
°of° N |
2 3
Feed O }
z : O
O

y Evaporation

Figure2.2 The solutiordiffusion mechanisnii7]

The performance of polymeric membranegorted with two main parameters, flux
and selectivity7i 9,16] Flux (J)is defined as total amount material that permeated
through the membrane per unit membrane area in unit time and calculated by the
Equation 21,

V) ) (2.1)
where Q is the mass of permeate (g), A is the active membrane &yea (h)
is the operating timgB,10]. Permeation flux depends on effective thickness of the
membraneq7]; therefore normalized fluy), calculated as the mass flux times
the membrane thickness U ig u€ech JEquation 2.233],

o = 2.2)

Selectivity is related to the capability of the menmardo separate the desired

components from the feeddoalculated by the Equation 2.3,

| — (2.3)

where xand x show the weight fractions of component i in the feed solutign, y

and y show the weight fractions of component i in the permgai®].



When polymeric membranes are considerdie classic dution-diffusion
mechanismis convenient for nonswollen membranesHowever, lymeric
membranes usugliswell especially when they are used in dehydration processes
and the structure of the polymer changlss behavior makes thmass transfer

mechanisnof polymericmembranes sophisticatEd 16].

Polymeric membraneare considerably important for pervaporatiprocesses
because of their advantages such as lreiagjvely low fabrication cost and easier
processing. Besides in industmostof the membranes used in pervaporation are
made up from polymer€On the other handoolymeric membranes suffer from

swelling and they are not stable at high tempera{&;&2,34]

Organic solvent deydration is a highly common application area of the
pervaporation separation. Many different polymeric matehalge been usetb
produce membranesich apoly (vinyl alcohol), poly(vinylidene difluoride), poly
(acrylic acd), polyurethane and naturally occurring cellulosefor solvent
dehydration.These materials have been popular since they have relatively good
water perrpselectivity and permeation fluxdowever, swelling influences the
performance of the polymeric membrasabstantiallyduring dehydration process
With the membrane swellinghe space between the polymer chéiree volume)

are expanded/hich increases thenembrandlux. However, membrane selectivity
decreases since larger molecules can pass ththaghembrane an ear way.

It can be said that, the swelling degree of a polymeric membrane altareiz!
membrane performancéictually it is a kind of interchange that is seen in
polymeric membranes in most cases, permeability varies inversely with selectivity
[5,8,12,16]

For pervaporation, dense (nporous)polymeric membranes are required for
efficient separation. This morphology can be achieved with a dense membrane
produced by solvent evaporation technique or with an asymmetric membrane
having a dense skin layproduced by phase inversion technigtiean easily been
inferred that membrane structure or morphology is a classification type for

membranes.



There are mainly two types of polymeric membranes according to their structure;
symmetric and asymmetric sttured membranesSymmetric membranes are
subdivided as porous and nporous (dense) structures and asymmetric
membranes are subdivided as L&urirajan anisotropic and thfilm composite
anisotropic structures. The main structures of these membessesican be better

understood by schematic representation of these classes (Figte2.3)
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Figure 2.3Schematic representation of membrane struct{2gs

2.1.1Dense Pervaporation Membranes

Nonporous, denspervaporationmembraneompriseof a dese film through
which permeant moleculese transported by diffusion undéetdriving force of a
pressurgradientDense polymec membranes are prepareddmyvent evaporation
technique. In this methaal polymer is dissolved in a suitable solvent then an even

film of a polymer solution is spread across a flat surigeeerallyusing a casting

10



knife. After casting, solvent evaporates in an inert atmosphere and polymer solution

leaves a thin, uniform filnil,2].

Poly (vinyl alcohol) (PVA)is an appropriate polyméor pervaporatiommembranes
with hydrophilicity, goodchemical stability, thermal resistance, film forming
ability, and low costHowever, since PVA is a water soluble polymer, the stability
of PVA in aqueous solutions is limited and thisops off the membrane
performance by givingparm tre integrity of thepolymer[17,18,35] Therefore, to
prevent the PVA membrasauffer from swelling excesively, especially when
used in dehydration processes, PVA shoulctiosslinked. PVA can be cross
linked either by heat treatment or by using a chemical dndssg agent like
glutaraldehyde, maleic aciémic acidand tartaric acid35,36] In recent years,
among the crosknking agents, glutaraldehydéGA) has gained increasing
attention becaus@A do not needhermal treatmenn orderto drive the reaction
[17].

Glutaraldehyde (HCOC3Hsi CHO) consists of two aldehyde groups (CHO), which
can be attached to hydroxyl groups (OH) in Pd#ainsandmake the PVA cross
linked. Figure 2.4 shows the reaction between PVA and &A

OH O O
OH OH OH (IZHO - \?Q
*  (CHy) ( CH
OH OH OH \ éHor 3 ..2H20 \ éH2 } 3
PVA chains GA Cross-linked PVA

Figure2.4 Crosslinking mechanism of PVA chains by G&7]

PVA is synthesized via theaponification(alcoholysis)of poly (vinyl acetate)
(PVACc) because vinyl alcohol monomer does not exist in the free. Sthte
chemical structte of PVA is shown in Figure 2.5he degreef saponification
(hydrolysis)is the ratio of the number of hydroxyl groups to the sum of the number
of hydroxyl and acetyl group&ince hydroxyl groups are more hydrophilic than

11



acetyl groups, PVA with higher degree of hydrolysis is more hydrophdit VA
with lower degree of hydrolys[88].

H H H H H H
N S
DTN
H OH H OH H OH

Figure2.5 Chemical structure of PV39]

Heat treatment can allow the PVA membranes be dntlesd, alsoincreases the
crystallinity of the PVATheschematic illustration afrosslinking of PVA chains
by thermalinducingcan be seen in Figure 2.Bhe increase in crystallinity can
takes place above the glass transition temperélgyelhe glass transition of PVA
is a function of degree of hydrolysis. Thgof 98 99% hydrolyzd PVA is 85.8°C,
whereas that of 8B9% hydrolyzed PVA is 58.8°(38,40,41]

‘Il l[’
C—C
H H 50 o0 H
(‘—(‘+""- + 2!—1! Lol (I, + H,0
H OH H OH 0 |
('— o)
H H

Figure2.6 Crosslinking mechanism of PVA chains by therniadlucing[36]

In their researclzhang et al[42] studied the effect of pregeatment temperature
during film formation on the surface structure of dense PVA membrahbs.
membranes were prepared franwt. % PVA (98-99 % degree of hydrolysis,
Mw~110,000)solution by using solvent evaporation technigudter casting the
solution itwas pretreatedat 30,90, 110, and 140C for 150, 40, 25, 15 min,
respectively Thencomplete solvent evaporation was achieved in two steps; first at
25°C until fully solidification and second, at 40°C under vacuum for ZBhb.
membranes were heat treated at 80°C for 1 hwhder stability. The membranes
were ested for dehydratioof 90 wt. % ethanelvatersolution with pervaporation

technique Increasing prdreatment temperatungelded an improved selectivity

12



whilst membrane flux remained neaclynstant. They concluded thgrvaporation
performance was affected by surface strucfrd®VA membranesSince the
Differential Scanning Calorimetry (DSC) results have showed that membranes with
pretreated at different temperatures had almost sametinysy degreeHigh pre
treatmentemperature made the water evaporatesfastgr way and caused a film
surface covered with a Glgroups.This rapid change in surface structure made the
PVA membrane more hydrophilic. On the contrary, at low-tpratment
temperatures, backbones of the PVA,Qjoups, covered the film surface and

caused a more hydrophobic membrane surface.

Hyder et al[9] prepared dense PVA&embranes with 99.7 % degree of hydrolysis
(Mw ~108,000). The PVA membranes were produced using solvent evaporation
technique and PVA (5, 7 and 10 % by weight) was dissolve@ionized water.
Crosslinking is achieved thermally or chemically. For thermal cilodeng PVA
membranes were heated 125°C under vacuum for 30 min. For chemical cross
linking glutaraldehyde (GA) solution which contains 1.0 or 2.5 % glutaraldehyde
(GA), 0.5 % sulfuric acid (HHSQs), % acetone, and balance deionized water by
weight was used. The PVA membranes were kept in this solution for 30 min.
Membranes were tested to dehydrate the ethaabér solution and feed contained
10-70 % ethanol. They observéuht 2.5 wt. % GA containing cro$isk solution

made the membranes less hydrophilic since more hydroxyl groups turned into
acetyl groups. Also the structure of the membranes might result in more rigid
structure which prevents the diffusion of water molesuWhen thermal and
chemical cros$inking were compared, it was seen that, thermally treated
membranes had higher flux but lower selectivity in pervaporation experiments.

Praptowidodaused PVA membranes for dehydration of ethgB8]. The cross
linking was achievedhemically with glutaraldehyde (GA) and the effect of cross
linking degree on swelling also pervaption performance were examinethe
reaction time of PVA membranes with Gifas altered; thereforeedree of cross
linking was changed. The membranes wprepared using?VA with 9899 %
degree of hydrolysis (M~ 40,000) with solvent evaporation technique. After
drying, PVA membranes were crelgsked in GA sdution with GA concentration
of 0.025 and 0.1 wt. %. The membranes were elinked for 0.5, 1.01.5 and 2.0
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h. The pervaporation experiments were carried on with feed solution containing of
90 wt. % ethanollt is clearly observed that increasing cris&ing time and GA
concentration decreased the swelling degree of PVA membranes. Also the fluxes
of more swollen membranes were higher, however, selectivity valuedaveze

The highesselectivity was determineas 108 with total flux of 0.249 kg/Ah.

SvangAriyaskul et al. [37] produced PVA and chitosan (CS) blended
pervaporation membranes for dehydration of isopropanol. The effect of CS content
of the blended membranes on the pervapora@formance was examine#it the

same time, pure PVA membranes were glsmluced from 99 % hydrolyzed PVA

(Mw ~133,000) with solvent evaporation technique. The polymer solution contained
10 % PVA and after solvent evaporation membranes were thermally treated at 150
°C for 1 h. Then membranes were immersed in eiokBg solution containing

1.5 wt. % glutaraldehyde (GA), 0.5 wt. &alfuric acid,48 wt. % of acetone and
balance deionized water for 25 miithe pervaporation performance of the
membranesvere tested at 30°C with feed water content of 10 wt. % and total flux
and lectivity were reported as 200 gimand 490, respectively. Also the swelling

degree of pure PVA membrane was reported as nearly 100 % in pure water.

In their studyYeom at al.[43] focused on pervaporation performanck a
homologous series of alcohol aqueous solutions using glutaraldehyde (GA) cross
linked PVA membranes. Alcohol solutions that investigated in this study were
methanol, ethanol,-firopanol, and -butanol. The membranes were casted form
10 wt. % PVA solution and the degree of hydrolysis of PVA was 99 % with average
molecular weight of 50,000’ he crosdinking reaction mixture was composed of

10 vol % of GA and 0.05 vol % of HCI and balance acetditee membranes were
immersed in this solution at 40°C for 48Tiey first determined the swelling ratios

of the PVA membranes in alcohol solutiongldound that swelling ratios were
consistent with alcohol solubility parameters. Namely, the swellingsratere,1-
butanol, *propanol,ethanol and methanol in increasing order. Themgation

rates and selectivitiagsere measured with feed solutions containing water between
30.01 2.0 wt. %. Itis found that, the total flux increased while selectivity decreased
with more water content as expected. When the alcohol content of the feed was

higher than 92 %, the total fluxes were in the order of swelling ratios. However,
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below 92 % alcohol conterhe total fluxes changed inversely with swelling ratios.
That meansthe fluxes were decreasing in the order efutanol, propanol,
ethanol and methanolThe total flux and selectivity for 10 wt. % watethanol
feed at 30°C werapproximatelyd0 g/nth and 60, respectively.

2.1.2Asymmetric Pervaporation Membranes

Asymmetric membranes are composed of layers with different porosity, pore size,
membrane composition from the top to the bottom surface of the membrane.
Generally, asymmetric membraneshavet hi n, sel ecti ve fskin

a thicker, highly permeable layer in order to make the membrane stf8hger

An asymmetric structured membrane can be produced by dry or wet phase inversion
techniquedike, precipitation from the vapor phase, precipitation by controlled
evaporabn, thermal precipitation, and immersion precipitatidimong these
techniqueimmersion precipitation, also known as mawlvent induced phase
separation (NIPS) is a widely used one sirsmveral kinds of membrane

morphologies can be achieviet].

In NIPS method, simply, a polymer solution (polymer and solvent) is cast on a
suitable support as a thin film and immersed in a-swwaent bath. The solvent
diffuses into he nonsolvent (coagulation bathineanwhile nofsolvent diffuses

into the polymer film. Finally polymer solution becomes solid and produces an
asymmetric membraneschematic representation of bdilm interface during
phase inversion. Throughout tlpgocess, polymer solution is precipitated into two
phases: a solid, polymeich phase that forms the matrix of the membrane and a

liquid, polymerpoor phase that forms the membrane pfitgs544]
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Figure2.7 Schematic representation of NIPI$

The skin layer thickness of the asymmetriombeanes produced by NIPS method
is affectedby coagulation rate. In general when the polymer solution coagulates
fast asymmetric membranes havanthinmicroporous skin layer is arisen, when it

coagulates sloymembrane$ave thicker skin layga5].

In dry-wet phase inversion technigqusefore immersion in coagulation bath, the
casted polymer film is subjected to an evaporation step. During evaposati@nt
and/or nomrsolvent in the polymer solutiomoved away partially and outerrpaf

the membrane is formed. The bulk structure on the other hand, is formed during
solventnonsolvent exchange in coagulation stfh46]. The drywet phase
inversion process and compariseith wet phase inversioare illustrated in Figure

2.8

It is possible to producasymmetric membranes havimgry thin skin layemith
NIPS method; however, defects or pinholes can occur on the skin surface easily
because of incomplete coalescence of polymer molecules in the skin layer. Hence,

dry-wet phase inversion might be ployed to prevent this probleft].
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Figure2.8 Phase Inversion Proces$é6]

Although aymmetric membraneproduced by phase inversion techniques are
extensively used in ultrafiltration, microfiltration and reverse osmosis processes,

the usage of them in pervaporation purposes isergytcommon.

Permeation flux and selectivity are the two most importantessccriterions for
pervaporation membranesin the literature studies on development of
pervaporation membranes with high flux and selectivity are going on intensively.
However the key factor for taking full performance from a membrane material is
minimizing the effective membrane thickness. A structure with a thin selective
layer thereby a higher flux without much decrease in selectivity can be achieved

with asymmetric membrang$7].

Jiang and cavorkers[48] produced asymmetric composite membranes from PVA
polyvinyl alcohol (PVA) angolyethersulfone (PES) polymer blend witktphase
inversion technique. They aimed to enrich membrane surface with more
hydrophilic PVA by surface segregation. The PVA rich surface was-tnkesl

with glutaraldehyd€GA). The membrane performancesnaémbranes for ethanol
dehydration were considered by using different PVA content and annealing

temperature. Besidethe effect norsolvent type on membrane morphology was
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studied. Membranes contained 5 different amount of PVA, 0 %, 5.56 %, 8.33 %,
11.11 %and 16.67 % by weight, were produced. It is observed that membranes
consisted of a PES rich porous support layer and a PVA rich dense selective layer.
Ethanol, isopropanol (IPA) and butanekere preferred as nesolvent. When
coagulation bath was IPA outanol, membranes had spodie porous top layer

and fnger like porous support layer, whereasew coagulation bath was ethanol

the support layer was fingéike and skin layer was porous. Only the performances

of membranes that coagulated in IPA wereasured since fingdike pores have
relatively small mass transfer resistance. Pervaporation experiments were carried at
25°C with feed water content of 10 wt.. %he selectivity valueenhanced with
increasing PVA contenhowever selectivity remained cimnged after 5.6 wt. %

PVA contentMembranes containing more PVA also had higlegmeation fluxes

The flux and selectivity of the membrane with 16.67 % PVA were reported as 297.6
g/m?.h and 86.1, respectively.

Huang et al.[47] examinedthe asymmetric polyetherimide (PEI) membranes
produced by drwet phase inversion method in terms of, polymer concentration,
solvent evaporation temperature and tiffige pervaporation performances of the
membranes tested for isopropanol (IPA) dehydradembranes were casted from

a solution composed of PEI (polymeN,N-Dimethylacetamide (solvent) and
LINOs (additive) Increasing PEI content of casting solution cdusen
enhancement in selectivity valuehile it caused a decrease in molar fluxes. €hes
changes were less significant WREI concentrations above 25 wt. Bbthis study,
solvent evaporation temperature was ascended from 32°C to 100°C, a minimum
valuewas observed in molar fluand a maximum value in selectivity. When the
temperature ingased further a maximum flux was observed at 120°C; however,
decreasing trend of selectivity continuethe solvent evaporation time also
affected the pervaporation performanéghen the evaporation time went up an
increase in separation factor and a daseein permeation flux were seen.
Furthermoreincrease of drying tim&om 0 to 2 min caused a tremendous decline
(2.0 mol/nth from 96.6 mol/rfh) and selectivity increased 23 timéster that

point the change in pervaporation performance was mild.
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Hong et al. [35] investigated the effects oPVA molecular weight, PVA
concentration andglutaraldehyde GA) content of cros$inking solution of
asymmetric poly (vinyl alcohol)(PVA) membranes for isopropanol (IPA)
dehydration PVA (99 % hydrolized) with molecular weights 89 098 000 and
124 000 186 000 were usedFor membrane production phase inversion technique
was appliedbefore immersingn coagulation bathwhich was cataining16 %
NaSQi, 2 % NaOH by weight and balance watsolvent evaporation at room
temperature was applieidr 10 min For crosdinking an aqueous solutioaf
NaSQOy (45 g/l), SOy (5 g/l) and GAwith changing concentrations (10, 17.2, 25
g/l). Low molecular weight PVALPVA) membranes had higher fluxes then high
molecular weight one@HPVA) and theselectivitiesof HPVA membranesvere
substantially highewith HPVA membranes when IPA concentration was higher
than 75 wt.%. Crosslink solution having higher amount of GA made the
membranes more selectite water; however, reduced their flux. High PVA
concentration caused a thicker skin layer, hence while fluxes were decreasing,

selectivities were increasing with increasingAtbncentration.

2.2 Mixed Matrix Membranes

Polymeric membranes are extensively usegdervaporation processes, especially
for dehydration purposes because polymeric membranes are easy to famicate
relatively cheapMoreover, commercially availablepaporation membranes used

in industry are generally polymeric type. Nonetheless, polymeric membranes suffer
from swelling andpermeability alter inversely with selectivity in general sense.
Hence,the selectivity oimembranes having high permeabilitds not reach the
desired values. Alsthey have limited resistance to chemicals and temperature
[1,3,5,12] Therefore, to cope with these problems new type of organrganic
composite membranes called mixed matrix membranes (MMMs) have been

developed in recent yeaand researches have been going on extensively.

Mixed matrix membranes composed of two phases; a continuous phase which is
polymer and a dispersed phase consists of inorganic matégare 2.9 shows the
schematic of a MMM2,8,19].
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In order to implement the pervaporation separation in industry, it is really important
to develogphigh flux, high selectivity and defefitee membraneheseMMMs are
expected to combine the thermal, chemical and mechanical stability, also good
separation performance of inorganic fillers with the low cost and ease of

manufacture of polymer membraneg2,5]

Mixed Matrix Membrane ,
Polymer Matrix

Particles Embedded in Polymer Matrix

Figure2.9 Schematic of a mixed matrix membrane (MMI80]

Many types of particlean be used as filler materials in MMMs, such as zeolites,
mesoporous molecular sieves, carbon nanotubes and ditiggneral, for MMMs
employed in dehydration processes, zeolite crystals are preferred because of high
water soption capacityThe incorporation of different kind s of zeolites, silicalite
1,ZSM-5, T, NaA or NaXin polymer phase increased the flux, selectivity or both

of them [22,49,50] However, there are still some challenges about preparing
MMMs. The most critical othem is incompatibility between inorganic fillers and
polymers which causes naelective voids on polymdiller interface. Thus, a
decrease in selectivity of the membrane occurs. Besiulest,organic fillerscan
provide only a slight increase jmermeabn flux of the polymeric membranes.
There are mainly two reasons behind this. First, chain rigidification in polymer
chains might causes partial pore blockage. Second, the small interface between

polymer andiller due tobigger size of filler§23,24,49]

In order to cope with the mentioned problems, fillers which can be more compatible

with polymer matrix namely, metal organic frameworks (MOFs) are proposed.
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Since they have both organic and inorganic parts, their interaction with polymers
might bette[23,49]

2.1.1 Filler Materials for Mixed Matrix Membranes for Pervaporation

Zeolites aravidely used as filler material in MMMs for dehydration processes due

to its molecular sieving effect and hydrophilic nature.

In their studyGao et a[51] intended to enhance the pervaporation performance of
PVA membranes by incorporati of KA, NaA, CaA, and NaX zeolites. The cross
linking of PVA membranesvere achieved by heat treatment at-260°C. The
membranes were tested for dehydration of methanol, ethanol, isopropyl alcohol,
and tertbutanol.Type Azeolites made the transpoftwater molecules easier since
they have smaller size then ethanol and higher molecular weight alcoholthélso
flux of membranes filled with KA raised with increasing loading amount without
any change in selectivity for ethanshter systemTotal flux increased to 1212
g/m?h from 776 g/mdh and selectivityemained a0. After the loading of 11 wt.

% flux continued to rise; howeveselectivity decreased nearly 40 %.

Another study which was related Roly(acrylonitrile) PAN based MMMs filled

with 3 different zeolites, 3A, 4A and 13X conducted®¥k u mu k [50¢ PANa |
was selected as polymer base becausisafiigh selectivity and low fluxXor
dehydration of ethanolThe zeolites were added into PAN solution after heat
treatment at 300°At seen with SEM images that, the prepared MMMs had three
apparent layersa polymer layer without zeolite, zeoliél ed polymer layer and
skin layer MMMs containing zeolite 13X had better selectivihen membranes
with 3A and 4A and nearly same fluxes at a zeolite content of around 32 wt. %.
This results explained with preventing the transport of water due to smaiker p
sizes of 3A and 4AThe increasing loading of 13X enhanced the permeation flux
enhanced 6 times on average, with a decrease in selectivity until 30 wt. % loading.
With zeolite content of 3@5 wt % flux increased 10 times causing a moderate
decrease in selectivity. After the loading of 35 wi.thiere was &remendous rise

in selectivitywith almost no selectivity because of loosen structures of MMMs.
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Jones et db2] examined a different fillematerialfor separation of ethanavater
mixture, namely, singlavalled aluminosilicate nanotube (aluminosilicate SWNT).
The denseMMMs were produced using PVA as continuous phase SWdNT
powder was addedith volume fractions of 0.1, 0.2, 0.2 and 0.4. Membranes were
crosslinked in a saltion composed of 50 mL of water, 50 mL of acetone, 0.5 g
sulfuric acid, and 1.25 g of glutaraldehyde for 30 n8&EM images and EDX
analysis showed that the SWNT were distributed uniformly in PVA until the
loading of 30 vol. %, after that point the starbandle formation was observed. A
considerable enhancement was observed in the total flux with the addition of
MWNTSs. Besides, MMMs omprising10 and 20 vol. % SWNT had selectivity 40

% greater than neat PVA membrane with little differences in total Addition of

more than 30 vol. % of SWNT, the total flux increased 200 %; however, selectivity
reduced excessively. The ration selectivity was explained withicrostructura
alterationof the PVA matrix with incorporation of SWNT§he idea supported by
the crystallinity of the PVA matrixit was dropped@ndthat meatthe mobilty of

PVA chains increasedith the presence of SWNTSs in the matrix

In their researct\door et al[53] preferred phosphotungstic acid (PTA) as rano
filler in order to @hance the pervaporation performance of sodilgimate (NaAlg)
membranes. PTA is a heteropolyacid and their water solubility make them suitable
filler for dehydration processes. MMMs were prepared with PTA +iidleo (260

280 nm) content of 0 %, 3 % 5 %,% and 10 % by weight and used for ethanol
dehydrationThe selectivity values increased with increasing loading amadtet
development in both flux and selectivity for 3 wt. % PTA loading were significant,
2 times greater for flux, 10 times greater f@mlectivity. After 3 wt. % loading
amount selectivity continued to go up, whilst the fluxes were remained nearly
constant. The increase in selectivitlas correlated to overcoming of swelling
problem by filling of the free volume of PVA by PTA particl&ux enhancement

was attributed to easier diffusion and transport of water molecules with the help of
PTA.

Flynn et al.[54] examined mesoporous silica hayiparticle size of 1-2.0as a
filler material for PVA based MMM. The effect of particle loading on the

membrane performance for ethanol dehydration was studied in detail. The PVA
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silica MMMs were casted on asymmetpoly (acrylonitrile) PAN membrane as
support. The prepared membranes were ciadsed thermally. MMMs are
produced with mesoporous silica content of 5 %, 10 % and 15 % by wieighs

seen in the SEM images thattil loading amount of 15 wt. % the particle were
well distributed. When théoading amount was 15 wt. % agglomerations were
clearly observed and particles segated to the membrane surfaltegegrationof 5

wt. % silicacreated a small increase in selectivity over the pure PVA membrane,
with almost no alteratioin flux. At a 10wt. % loading, there was a significant
increase in selectivityo 42, approximately, 2 times greattdrat of the 5 wt. %
loading. At a loading of 15 w?b, there is a tremendous decline in selectivity to 10
and this value was even smaller than the seigctiv pure PVA membrane. This
behavior was result of particle agglomeration. It was seen in the SEM images that
until loading amount of 15 wt. % the particle were well distributed. When the
loading amount was 15 wt. % agglomerations were clearly obsandgegarticles

segregated to the membrane surface.

All the inorganic fillers mentioned in this section have the general problem that is,
even the high flux is achieved, selectivity values decreases with high loading
amounts. The main reasons behind thsaidicle agglomeration and incompatibly

of inorganic fillerswith organic structured polymers. A new kind of inorganic filler
material called metal organic frameworks (MOFs) are attracted the researchers

attention.

Metal Organic Frameworks are a newkass of hybrid materials consist@metal

ion in the middleand organic ligandthat encircle it The metal ions function as
connectors and the organic ligands function as linkers. There are strong bonds
between connectors and linkers, with the aid eséhbonds, one, two or three
dimensional porous frameworks are formed. The structures of MOFs are enlarged
also their surface area and pore volumes are extremely high. Unlike zeolitic fillers,
MOFs have high surface areas, and high flexibility due to tirgstal structures

and chemical composition. These properties of MOFs makes the bonding of
functional groups in selected linkers possible. By this way both pore size and

chemical properties of MOFs can be chanddsb since they have organic ligands,
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MOFs are expected to have better compatibility with polymers with respect to other
inorganic fillers[23,28,55,56]

Due to its attractive propertieBlOFs have been widely studies in recent years as
filler material for MMMs for gas separatigmocessefl5,20,28,30] Also different
MOF types, for example, G{BTC)2, MIL-47, MIL-53 and NH-MIL-53 are
incorporated in polymeric membranes for nanofiltrapanposes and enhancement

in both flux and rejections are repor{éd].

2.2.2. Metal Organic Framework-Mixed Matrix Membranes for

Pervaporation

Zeolitic Imidazolate Frameworks (ZIFs), a siamily of MOFs, are tetrahedral
frameworls which link Zr{ll) or Co clusters withfive memberedmidazolate(Im)

ring. This structure makes these crystalline porous materials zeoliteThieeIm

links functionalized to produce neutral framework, also, boosts the creation of
tunable naneized poes[28,58,59]

Figure 2.10 Sodalite topology of ZIF8 (left) and its narrow skmembereeting
opening (right]59]

Theframework of ZIF8 is sodalite (SOD) topology that its structure of is given in
Figure 2.10. ZIFB is really attractive filler because of uniform pore size, high
thermal and chemical stabilif8,29] ZIF-8 crystal has been geiadly examined

as filler material for MMMs used for gas separation purposes. Many researchers
have worked on ZH8 as filler material with different polymer matrixes and

reported that, enhanced permeabilities with some increase in selecfB6tidg].
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ZIF-8 might be also a suitable filler for MMMs pervaporation applicaf8]j. It

has an aperture size of 3.4°A and large cavity size of 11[68Awhich are
appropriate for separation alcohols and water. However, althougi® LS a
hydrophobic nature and may favor alcohol sorption it might ease the diffusion of
water due to its small aperture si23,28] Therefore, there are limited studies
about the ZIF8 as filler material in MMMs for pervaporati@ince its behavior is

unclear

Yang et al[60] produced ZIFB-PMPS (poly methylphenylsiloxan®MMs and
accomplishedto incorporate high amount of Z& homogenously by using a
hierarchically ordered stainlesgeelmesh (HOSSM) with a technique called
APl ugagi n dhemenmbtanes \gebe.developed in order to recover furfural
from its water mixture containing 1 wt. %arfural. Membranes showeperfect
stability during long pervaporation experiments (at 80 Rayticle size of ZIF8
synthesized during the research was about 60 nm according to SEM ifiages.
selectivity and flux of the membranes prepared with solthiending technique
were increased with increasing Z8 loading since ZIF8 might create an
alternative path for furfural. Loading higher tha®.7 wt. %caused a decrease in
selectivity due to particle agglomeration which was observable by SEM images.
Employment of pluggindilling technique allowed the high ZiB loading with
better dispersion; hence, a considerably Higk and selectivitywere achieved
with the MMM having 41.3 wt. % ZIF8, which werereported as 0.90 kg/mn and
53.3, respectively.

Unlike the research conducted by Yang et[@0], Chung and coworker®3]
examined ZIF8 as a filler material in PBI based MMMs for ethanol diagion
process. The effedf inclusion amount of ZIF8 in Polybenzimidazole (PBIXIF-

8 MMMs on pervaporation performances of different alcohol solut{etisanol,
isopropanol and4butanol)wasinvestigatedThe ZIF8, amounts were 33.7 % and
58.7 % by weightThe particle sizes of ZHB crystals determined by dynamic light
scattering (DSL) as smaller than 50 nm, mostty.isopropanol (IPA) and buthanol
dehydration addition of ZIF8 nanacrystals to PBI enhanced theembrane flux
with small loss in selectivity. Especially, MMM loaded with 33.7 %-8Iprovided

an increase in flux more than 4 tim¥ghen ethanol dehydration was conseter
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there was an appreciabise in selectivity and small a reduction in flux v&3.7
wt. % ZIF8 loading.This enhanceent was explained with suppressiohthe
swelling of the membrane caused lethanol since ZIF-8 rigidified the PBI
structure .Higher amount of ZIFB (58.7 wt. %) made the membrameich more
(nearly 8 times greater thgure PBlpermeable, however less selectivegeneral,

n-butanol solution had highest and ethanol had lowest selectivity.

Tung at al.[61] preferredZIF-7 to improve the pervaporation performance of
ethaml-water mixtureof chitosan (CS)MMMs containing 2.5 %, 3.5 %, 4 %, 5 %
and 6 % ZIF7 by weight were prepared and glutaraldehyde (GA) was added as
crosslinking agent.The particle size of ZH7 was indicated as-2 pm by TEM
images.It was observed thatith more doping content higher selectivity was
achieved Whereastotal flux through the membranes, whereas, increased up to 4
wt. % doping then it dropped more than 50 B&cause of chain rigidification
caused by ZIFZ nanacrystals,large ethanol molecules could not pass through CS
matrix but smaller water molecules could pass; therefore, increase in selestility
decrease in flux werebservedThe best loading was reported as 5 wt. % having
selectivity as 2812 and flux as 322 g/m

In another studyAmirilargani [62] synthesized ZIFB nanacrystals and produced
PVA-ZIF-8 MMMs for isopropanol (IPA) dehydratio.he poly(vinyl alcohol)
(PVA) usd in this study had MW of 130,000 with degree of hydrolysis 98 %. In
situ crosdinking was achieved by adding glutaraldehyde (GA) and HCI (as
catalyst) in polymer solutr@ The mass ration of Zi8 was changing as 1, 2.5, 5.0,
7.5 and 10.0 %The FESEM inages of ZIF8 particles indicated that particles were
not in distinct morphology and their particle sizes were smaller than 68inge
swelling is an importanproperty that gives idea about the transfer of molecules
during pervaporation, degree of swajl (DS) of the membranes were determined.
Incorporation of ZIF8 decreased the DS and the possible reasons behind this were
stated as, chain rigidification, hydrophobic nature of-ZI&nd agglomeratioof
particles due tdigh doping.The doping of 1.0 and 2.5 wt. % ZB-subjected to
dramatic decrease in selectivity whilst 2.5 fold increase in total flux. It was stated
that, interfacial voids between ZB and polymer matrix and sorption of IPA

molecules by ZIB might be responsibleof increasing flux. Further particle
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doping led to a substantial rise in total flux and decline in selectivity which were
explained by free volume expansion by particle agglomeration. fllilkeand
selectivity of theMMM with loading of 5 wt. % were declaleas, 868 g/ and

132, respectively.

In their research Coronas et[dl9] examined the effect of two filler materjalF-

8 and mesoporous siligCM-41) on pervaporation performance of polyimide
(Matrimid 5218) basd MMMs for ethanol dehydratioZlF-8 and MCM41 were
selected since they had different hydrophilicity and particle Size.particle size

of ZIF-8 was reported as 0.17 um and two different sizes of M{IM3.1um
(MSM-1) and 0.53 um (MSM2) were usedThe MMMs were prepared with filler
loading of 12 wt. %When the pervaporation results were investigated, it is seen
that,ZIF-8 incorporatiorcaused alight rise in total flux0.24 to 0.26 kg/rh) and
selectivity increased to 300 from 260. The rise uxflvas attributed to the gaps
between particles due to agglomeration. The higheswhscachieved with MSS

2 as 0.44 kg/rth since hydrophilic reseoporegased the adsorption and diffusion
of water molecules, while selectivity was nearly same as pure Pl membrane.
MMMs filled with MSS-1 had the lowest selectivity (190) and its flux was 0.31
kg/mé/h, slightly higher tharthe pure PI. The smaller particlesguided a bigger
polymetrfiller interface, thereforamproved the water selectivity.
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CHAPTER 3

EXPERIMENTAL

3.1 ZIF-8 Synthesis

Zeolitic imidazolateframeworks (ZIFs) consist @lationic transition metals which
are linked by anionic imidazolaligands, in ZIF8 transition metal is Zin[58]. For
ZIF-8 synthesis, zinc nitrate hexahydrate (ZrNBLO, 98% pure) used as zinc
source and was purchased frodcros Organics. As ligand source,- 2
methylimidazole imim, C4HsN2, 99% pure) was used and purchased from Sigma
Aldrich. Methanol (MeOH, 98 % pure) was used as solagk purchased from
SigmaAldrich.

A ligand solution which included 5.28 g ofi@ethyl imdazolateg(Hmim) and 90.4

g of methanolnd another solution composed of 2.4 g zinc nitrate hexahydrate and
90.4 g methanol were prepared. These two solsiti@ne mked rapidly in order to
obtain  synthesis solution with a  molar composition of
ZNNQO3.6H0:7.9HMIM:695.1MeOH This synthesis lasted 1 hour at room
temperature witlthe aid of300 rpm stirring. Then the solid Z& crystals separated
from the synthesis solution by centrifuging at 6000 fpn® min. In order to purify
the obtained crystals, theyewe washed with methanol 2 times. Alparticles were
dried at 86C overnight[29,63] Finally, ZIF8 crystals wih average particle size
of 81 nm were obtainedZIF-8 crystals vith average particle sizes 890nm and
340 nm werealso synthesizefilom solution with MeOH/ZA? molar ratios o847.5
and86.9 respectivel\63].
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ZIF-8 crystals having arage particle sizef 17 nm were synthesized by recyu
the mother liquor which remainedter theseparation of ZIF8 crystalssynthesized
from solution with MeOH/Z# of 695.1 This production technique was developed
in our laboratory by Keser et §64]. In this technique,ifst the mother liquor was
aged one day and its pH wiasreased to 9.0 by adding NaO®#36 g NaOHwvas
used for 100 g mother liquor. After one hour stirring (300 rpm)-&Iérystals
separated from the solution by centrifug[2§,63] The amounts of chemicals for
the ZIF-8 synthesisire given in Appendix A.

3.2 Membrane Preparation Techniques

In this studypure polymeric anthixed matrix membrane$iMM s) prepared from
two different polymers, PES and PVA. Pure PES and PESSAMMM were
prepared with nosolvent induced Ipase separation (NIPS) technique while pure

PVA and PVA/ZIF8 MMMs were prepared with solvent evaporation technique.

3.2.1 Non-Solvent Induced Phase Separation (NIPS) Technique

Using NIPS techniquasymmetric PES membranes were produced. Membranes
produced fromPolyethersulfone (PES) having an average molecular weight of
53,000. A commercial Radel200 grade PES was supplied from Solvay. The glass
transition temperature (Y of PES is 228C [1]. The structure of repeating unit of

PES is shown in Figure.3.1.

Figure3.1 The repeating unit of PE3]
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Dimethylformamide (DMF), chemical formula of:30N, used asdvent, was
purchased from Lascan Analytical Sciences. As naolvent ethanol (99% pure)

was used and purchased from Merck.

In this studytwo types of membranes were prepared lytechnique, pure PES
and PESZIF-8 membranedn the preparation of lainembranes, the concentration
of PES in DMF was kept constant as 20 % (wtjvdh PES/ZIF8 membranes, the

ZIF-8 concentration was 5 wt. % of the total PEBeaverageparticle size of ZIF

8 crystals were 8thim.

In order to prepare pure PE&mbranesPES, dried overnight at 80, was added

into 15 ml DMF gradually. Before the polymeaddition steps dissolved gas
removed with 10 min ultrasonication. The final solution was stirred overnight at
300 rpm.

For PES/ZIF8 membrangfirst ZIF-8 crydals(after drying at 80°C overnightyere

put in the DMF, ultrasonicated for 30 min for uniform distribution and stirred
overnight at 300 rpm. Secondly, 15 w % of the total amount of PES was mixed with
the solution and stirred overnighithen, the remaing PES was added into the
solution step by step. Before the polymer addition steps 30 min ultrasonication was

applied.

Both PESDMF solutiorsand PE&ZIF-8-DMF solutiors were casbn a glass plate

at room temperature with Automatic Film Applicator with the help of a casting
knife of 500 um. After casting membrane filwasimmersed in coagulation bath

and waited untilthe casted filmleft the glass plateEthanol (1 liter)at room
temperature (2@5 °C) put in a container and was used as coagulationFaagtly
membranes were annealed at different temperatures (room temperature, 40, 50 and
70°C) under vacuum for 3 days to investigate the effect of annealing temperature
on the pervporation performanceDifferent from the pure PES membranes
PES/ZIF8 MMMs were annealed only at 50°C.

Other than the wet phase inversion,-dmt phase inversion technique was also
applied to produce asymmetric pure PES membranes. For this purposdaafter b
casting, membrane fildried for 5 min and 60 min under vacuum, approximately

0.1 bar, at 30°C in an oven. In order to minimize the effect of humidity on
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membrane formation, zeolite 3A beads were placed in G\em coagulation was
achieved under theame conditions with wgthase inversion technique. Finally,

membranes were annealed at 50°C under vacuum for 3 days.

The preparation steps of pure PES membranes bpheete inversion and dryet
phase inversion techniques, also PESZIMMMs by wetphase inversion

technique are summarized in avichart illustrated in Figure 3.3

3.2.2 Solvent Evaporation Technique

Using solvent evaporation technique dense PVA membranes were produced. Two
types ofpoly (vinyl alcohol) (PVA) having 8B9 %and 98 % degree of hydrolysis
were used. Their average molecular weights werg close to each other30,000

and 125,000, respectively. All the PVA types were purchased $igmaAldrich

with a commercial name dflowiol®. Ultra-pure (UP) water was udeassolvent

and it hasapproximateelectrical conductivity of 5.5*10S/m

Chemical cros$inking of PVA were achieved with glutaraldehyde (GA) solution
consisting of GA, sulfuric acid #%Qs), acetone and water. GA has a chemical
formula of GHgO2 andits structur&formula is given in Figure.3. LA (25 wt. %
in H20) and sulfuric acid95-98 % pure) were pohased from, SigmAldrich and
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Figure3.2 Preparation steps of asymmetric pure PES and PES/EIMMs



Merck, respectively. Technical acetor8®.6 % pure) were purchased from Birpa

Chemicals.

0 O

Figure3.3 Chemical structure of Gf39]

In this study, two types afensemembranes were praped by solvengvaporation
technique, pure PVA and PVA/Z{& membranesPure PVA membranes were
prepared from both 889 % and 98 % hydrolyzed PVAn order tocrosslink the
pure PVA membranesther thermal or addmical crosginking method was applied.
PVA/ZIF-8 MMMs prepared fronPVA having 98 % degree of hydrolysid
these membranes crelasked chemically.All the pure PVA and ZIFB/PVA
MMMs prepared in this work were stated in Table 3.1 withRN& and ZIF8

content of polymer solutiorend crosdinking type

Table3.1 Properties of pure PVA and PVA/Z&MMMs

Hydrolysis PVA ZIF-8 Cross
degree of  content, content linking type
PVA, % wt. % wt. %
PVAS87-T 87-89 10 0 Thermal
PVA87-GA 87-89 10 0 Chemical
PVA(10)98GA 98 10 0 Chemical
MMM - PVA(10)98 98 10 5 Chemical
GA

PVA(5)98-GA 98 5 0 Chemical
MMM - PVA(5)98-GA 98 5 5 Chemical

34



The preparation methodology thfe membranes stated in Table 3.1 are as follows;

Pure PVA (87-89 % degree of hydrolysis),5.0g PVA was added into 45.0 g UP
water at room temperature in two step and stirred overnight at 300 rpm. Aftgrward
polymer solubn was degassed under vacuum uggiting a homogenous solution

without any bubble.

Pure PVA (98 % degree of hydrolysis)PVA was added into UP water at 90°C in

two step and a condenser was used to recycle back the evaporatedigateus

stirring was applied for 4 hours. Thaepared solution was waiteddool down to

room temperature and was degassed under vacuum until getting a homogenous

solution without any bubble.

PVA/ZIF -8 (PVA, 98 % degree of hydrolysis)first ZIF-8 particles were put into

the UP water and stirred overnight at 300 rpm. After application of 20 min
ultrasonicationsolution heated to 90°C, durimgating evaporated water refluxed
with the help of a condensefrhen PVA was added in two stapa the solution
which was stirring vigorously and stirred for 4 hours. Pphepared solution was
waited tocool down to room temperature and filtered with stainless steel sieve with
325 mesh. The filtered solution exposed to 30 min ultrasonication aned sti
overnight at 200 rpm. The amount of ZBFcrystals in MMMs was 5 wt. % of total

polymer

Both PVA-water solutions and P\AXIF-8-water solutionsvere castedn a glass

plate at room tempetare usingAutomatic Film Applicator with the help of a
castingknife of 800 um. After casting, polymer film heated at 40°C in an oven for

24 hours at ambient pressure in order to evaporate the solvent. The membranes were
peeled from glass plate carefully and crtisked either thermally or chemically.

The preparatio steps of pure PVA membranes and PVA/BIIMMMs are

summarized in a flowchart illustrated in Figure 3.4.

For thermal croséinking; first membrane films were cut in circle shape having a
diameter a little bigger from the membrane module, approximatetyrl2Then

they were heated in oven at different temperatures and for different times under 1
bar N atmosphereThe temperatures and periofithe thermal crosslinking are

given in table 3.2.
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PVA/ZIF-8 MMMs Pure PVA

Membranes
UP water
Up water N ZIF-8 UP water at
——  zIFg 90°C

¥
Ultrasonification, 20 min

Overnight Stirring, 300 rpm PVA Addition
in two steps

¥

¥

Heat to 90°C

h 4

Virgous Stirring for 4 hours

Y

PVA Addition in two steps

Y

) J
Virgous Stirring for 4 hours unngi::igﬁm
Y
Cool Down to RT and il
Filtration ]
Blade Casting
at RT
A A
Ultrasonication, 30 min
Overnight Stirring, 300 rpm
A A
x Solvent Evaporation at 40°C 24 h in
Blade Casting at RT ambient pressure
Solvent Evaporation at 40°C 24 h in +

ambient pressure

Cross-linking
Y

Cross-linking

Figure 3.4 Preparation steps of dengare PVA (98 % degree of hydrolysis) and
PVA/ZIF-8 MMMs
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Table3.2 Temperatures and periodsthermal crosslinking

Temperature, Period,
°C hour
90 0.5and 1.0
100 1.0
120 1.0 and 48
140 1.0 and 48
160 48

For chemical crosslinkingd different crosslinking solution were used. Cross
linking solution consisted djlutaraldehyde (GA), sulfuric acid ¢8Qs), acetone
and deionize (DI) water. The crosslink solutions used andadbetent can be seen
in Table 3.3

Table3.3 Composition of the crosknk solutions
GA, % H2S04, %  Acetone, %  Water, %

Solution 1 15 0.5 98.0 0.0

Solution 2 1.5 0.5 93.0 5.0

Solution 3 1.5 0.5 88.0 10.0
Solution 4 15 0.5 83.0 15.0
Solution 5 15 0.5 78.0 20.0
Solution 6 3.0 0.5 76.5 20.0
Solution 7 0.75 0.50 78.75 20.00
Solution 8 0.5 0.5 79.0 20.0

By using crosslink solutions having different compositions effect of GA content on
the pervaporation performance of pure PVA (boti88®6 and 9846 hydrolyzed)
membranes were investigated. Only pure PVA membranes produced #H8&187
hydrolyzed PVA were crodiked with GA solution having different water content
and they were not tested for pervaporation; however, their swelling properties were

observed.
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Before the chemical crosslinking, membranes were cut in circle shape having a
diameter a little bigger from the membrane module, approximately 12 cm. They
were weigled and immersed in 40 ml crosslinking solution bath. After 3 hours
membranes wereaken out from the solution. Excesster on the membrane
surface was gently dried with a paper towel and wezigdigainThen membranes
were dried at 90°C for 1 hour at 1 bar&imosphereMembranes were weigh in

order to determine swelling ratios.

All the pure PVA and PVA/ZIB MMMs were soaked in 30 ml feed solutiah

room temperaturene night before the pervaporation experin{enorder to reach
the equilibrium)and their swelling degree were determir@gelling degree of the
membranes were lcallated by the Equation 3.1.

0'Q QI £0M0 Q& BEB™Q —— wp T T (3.1)

where W and W4 are the weights of the swollen and the drietembranes,

respectively

3.3 Material Characterization

3.3.1 ZIF-8 Characterization

X-ray diffraction (XRD) patterns of synthesized ABFcrystals wer@btainedby

Philips modelPW 1840 XRay diffractometeby using CeK U r a dsdouecéati o n

a 30 kV voltage and 24 mA curre®ngl e of di ffraction (Bragg
changedbetween 5° to40° with a scan rate of 0.0%s. XRD patterns ofthe

synthesized ZIB crystals were compared to simelh peak positions of ZiB

[64]. In order to determine the relative crybtaty, area under the curve of peaks

for (011), (002), (112), (022), (013), (222), (114) and (iBdheswere used. The

ZIF-8 synthesized by Keset al.(ZIF-8.6) was assigned as reference with 100 %

crystallinity [29]. The diffraction peak®f all the ZIF8 crystals used for MMM

preparation and their calculated crystallinities were given in Appendix B.
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The morphologies and the particle sizes of crystals were determined by gcannin
electron microscopy (SEM) at magnification range of 50,00200,000x by
QUANTA 400F Field Emission devicéAverag particle sizes were determined
using18-20 crystals on SEM imageThen,average particle sizes of Zi crystals
givenin Table.4.2 werealculated by usinghese dataThe average particle size
calculations and the full size SEM images of -Blfparticles used for average

particle size calculations were given in Appendix C.

3.3.2 Membrane Characterization

Morphologies of asymmetric pure PES, PHB-8 MMMs, pure PVA and
PVA/ZIF-8 MMMs were examined by using FEI QUANTA 400F series scanning
electron microscopy (SEM). The images taken from the essons of PVA/ZIF

8 MMMs wereused in order to better observe thistribution of ZIF8 particles.
The SEM analysis was carried out at a magnification range of -5@000x.
Samples were coated with Ad. Acceleration voltage was 20.0 kV for ZBFand
PES based membranes and 5.0 kV for PVA based membranes.

3.4 Pervaporation Experiments

3.4.1 Chemicals

The feedsolution was prepared from ethanol and deionized water. Ethanol was
obtained from Merck with an analytical grade of 99.5 % purity. The feed solution

composed of 10 wt. % water and balance ethanol.

3.4.2 Pervaporation Setup and Procedure

The prepared membrane®re tested in pervaporation system for dehydration of
ethanol.The pervaporation sefp is illustrated in Figure 3.5
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Pervaportion setup consists mainly ofmembrane module, cold traps aad
vacuum pump. Feed solution waacirculated betweethe feedtank and the
membrane moduldy a centrifugal pump (IWAKI, 7201@5). Tubing was
Masterflex® silicon tubingwith a diameter of 3.1 mm. In order to set the
temperature of feed solution, feed tank was placed in a circulatory water bath
(Polyscience Model 932 Feed tank was open simosphereVacuum, driving

force for transport though membrane, was api¢de permeate side using rotary
vane pump (Edwards, RV5). The pressure of the permeate side was measured by
Edwards Pirani Gauge and controlled with Bdes Active Digital Controller
(ADC) with an accuracy of 15 %.

The membrane module has circular shape and made from staindtsBigtee 3.6
illustrated this membrane module. Its diameter is 90 mm; therefore, active
membrane area is 0.00635.Mhemembrane was ated on a perforated plate and

asilicon Oring was employed for sealing.

Permeate side of the pervaporation system consisted of glass pipes in order to
observe condensation problem due to any reason. Two parallel permeate lines are
connectd to the membrane module and by this way continuous operation could be
achieved. They are connected to each other byayBvalve whichare switched
manually to take one line under vacuum at a tiRemeate passed through the
open line; meanwhile, othdine was open to atmosphere to take the collected

pemeate without any interruptions

A safety trap were employed before the vacuum trap to protegatheim pump
from any leakagePermeate were collected in glass traps in a condensed form with

the hep cold traps which were dewar flasks filled with liquid nitrogen.

During the pervaporation experiments, Samples were taken from the permeate side
for every 3 hours and pervaporation experiments were carried out for 9 hours.
Experiments were conducted withkgfeed amount; hence feed concentration was

assumed during experiments
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Figure3.6 Schematic representation of membrane module

All the pervaporation experiments were conducted under santitions and these

conditions are given in Table 3.4

Table3.4 Pervaporation experiment conditions

Feed Temperature 25°C

Permeate Side Pressure 3 torr, approx.

Feed Flow Rate 1.5 I/min
Feed Water Content 10 wt. %
Feed Amount 2 Kg

3.4.3 Ethanol-Water Analysis

The water content of the feed solution and permeate were determined using KEM
Karl Fischer Moisture Titrator (MK$520). For Karl Fischer(KF) analysis,
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Hydranal®Karl Fischer titant2 was used as titrating ageamdHydranal®solvent

were usedis working mediunand theywere obtained from Fluka Chemicals

During theanalysis typically 0.03 0.08 g sample takemdm permeate was used to
determine the water conterfirstly, samplewas taken into the syringe and
weighed then injected into the titration mediuiter the injectionit was weighted
again andrecordedto the KF device. The automatic titration startedd KF
determinedthe end pait using the signal collectealy the poentiometer.Upon
finishing the titration, it calculated and gae result using initial and final weight

of the syringe and the amount of reagent used during the analysis

Each sample waanalyzedminimum twice in order to lessen the tolerance of the
aralysis Before starting the pervaporation experiments, water content of the feed

solution also determined by KF.

43



44



CHAPTER 4

RESULTS AND DISCUSSION

4.1. Preparation of Asymmetric Membranesby NIPS Method

Pervaporation performance ofr@embrane is strongly affectdoy the membrane
morphology Asymmetric membranes generally have a thin selective layer and
below it athicker highly permeable layeBince asymmetric membranes have thin
skin layer, their fluxes might be high. Wgthase invesion and drywet phase
inversion are two widely used techniques to prepare an asymmetric membrane [1
2].

4.1.1. Preparation of Asymmetric Pure PES Membranes by WePhase

Inversion

Annealingat elevated temperaturean alter the membrane structure by inducing
an increase ipackingdensity and reductiom free volume; henceselectivities
increase while total fluxes decred66i 67]. Thereforejn this part of theresearch
asymmetric PES membranesre prepared and annealediffierent temperatuse
below the T of PES

In present studysymmetricPES merbranesvereobtainedoy wetphase inversion
technigue and phase separation was achieved by means ofsalvemt NIPS
method. Membranes were prepared from PEBIF solutiors with a PES content

of 20 % (wt/vol)and ethanol was used as thensolvent Following the blade
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casting, membrane filsewereimmersed ito coagulation bath, filled witethano)
atroom temperaturfor phase inversiatMembranes werthenannealed atelected

temperatures (200°C)under vacuum for 3 days.

Membranesveretested tsepaate ethaneater mixture withwater concentration
of 10 wt. %by pervaporatiorat 25°C Thefeedwas 2 kgand experiments $ked
for 9 hous, hence feed concentration was assumed camtsthroughoutthe
experimerg. A sample calculation for constaféed assumption can be seen in
Appendix D.

Figure 4.1 shows the results of pervaporation tests for all membranes and Table 4.1
summarizeshe effect of annealing temperatwe pervaporation performance of
asymmetric pure PES membraniggher annealingemperatures resulted in more
selective and less permeable membranes. Nevertheless, high standardndeviat
and large area shown dfigure 4.lindicate low reproducibility.Membranes
prepared without annealing and annealed at 40°C exhibit sisdparation
performance. Apparently annealing at 40°C has a weak eifiechain packing of
PES.With an increase of annealing temperature to 50°C membranes with higher
selectivities were obtained. The most selective membranes had an average
selectivity of 15.6 with an average flux of 71.5 ¢#m Increase of annealing
temperature to 70°C engendered a 42 % increase in flux and a 24 % reduction in
selectivity when compared to membranes annealed at 50°C. Increasing flux with a
decrease in selectivity is a typlanembrane behavior for pervaporation processes
Similar conclusion were also withdrawn in the literature; fluxes reduced while
selectivities enhance with increasing annealing temperature due to the denser
packing of polymer chains and reduced free volatiegher annealinggmperature
[48,65,68,69] Pervaporation Separation Indexes (H8[Jable 4.lindicated that,
membranes rmealed at different temperatures hatmilar pervaporation

performance.
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Figure4.1 All selectivity and flux values of asymmetric PES membranes annealed
at different temperatures and their average values

Table 4.1 Effect of annealing temperaturen pervaporation performance of
asymmetric pure PES membranes

Anneal Flux 'Permeate¢Sel ec(ty PSI ,

Temp, g/2mh contentwater/ e @U
70 101. 4 55.1 N 12N01. 1216
50 71.5 N 60.7 N 15.6 N 1115
40 178. 2 35.3 N 5.1 N 908

No Anne203.5 41.2 N 6.8 N 1384

Figure 4.2illustratesthe crosssectional SEM images of asymmetric pure PES
membranes annealed at 70°C, 50°C and-armorealedone. All membranedas
support layers withsponge like structureThe thicknesses ofskin layer of
membranes annealed at 70°C and 5&%approximately 2.4 um and 2u6. The
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thickness of skin layesf the membrane annealed 8 Cis mote uniform tharthe

one annealed ab0°C. The nomannealed membrane had a skin layer of
approximately 400 nm, which is much thinner than the annealed membranes. The
morphology of skin layer strongly influences the membrane performance.
Membranes with thinner skin layerashhigher fluxes; nevertheless, namform

skin layers, which may have defects, may cause lower selectivities.

48



Figure 4.2Crosssectional SEM images of asymmetric pure PES memt
accordingo annealing temperature (A) 70°C (B) 50°C (C) +ammealed

49





















































































































































































































