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ABSTRACT

VAPOR SEPARATION BY MIXED MATRIX POLYMERIC MEMBRANES

k a h Fatma
Ph.D.,, Department o€hemical Engineering
Supervisor : Prof. DiHa | i | Kal ep-é&l ar

Co-SupervisorAsst. Prof. Dr.Berna Topuz

Septenber 2018, 137 pages

ZIF-8, ZIF-L, ZIF-7 and ZIF67 were synthesized from fresh and recycled
synthesis solutions. The crystalorphology, N adsorption capacity and thermal
behavior of ZIFs from recycled solutions were similar to those obtained from the fresh
solution. The recycling procedures improved the efficiency of crystallization such that
0.36 g ZIF7/g organic linker wasldained after two recycling steps, although only
0.16 g ZIF7/ g organic linker can be obtained after single step synthesis using fresh
solution. From an environmental perspective, the developed procedures allowed to
consume a great extent of organic linkeed for synthesis, therefore the amount of
waste organic linker was reduced.

A PDMS-based membrane is potentially appropriate for separation of organic
solvents from M Six different membrane pure PDMS membrane, ZPDMS
MMMs, ZIF-L/IPDMS MMMs, ZIF67/PDMS MMMs, ZIF7/PDMS MMMs and
ZIF-71/PDMS MMMs were preparedincorporation ofZIF-L enhancd the VOCs
permability and VOC/N: selectivity by60 % and 33 % with respect to pure PDMS
membraneSingle VOCs/N mixturesand multicomponent VOCsANmixtureswere
testedat differenttemperaturesit was found that VOCs and2 Nshowed inverse

response with temperature changéect of VOCs concentration ithe feed stream



was determineslia decreasing VOCs concentrationl % in the feed streartt.was

observe that VOCs permeability aridvocsn2decreased %7 and 40 %respectively

Keywords:Zeolitic imidazole frameworkPDMS, mixed matrix membranesolvent
recovery
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KARI k| KREAKOLKMERKK MEMBRANLAR KLE BUHAR

kahi n, Fat ma
Doktora,Ki mya M¢hendi sl i ] BO1l ¢ mg¢
Tez ftckinkrof.DrHal i | Kal ep-é&l ar

Ortak TezY Teticisi: Dr.¥ ] r . BemaTopuz

Ey 12018 137sayfa

ZIF-8, ZIFL, ZIF-7 ve ZIFR67 kristalleri orjinal veger i t %@l mm¢ K
- %z el tsielnetredzd Beknimifatzidrll .tei  k u | | e bukiistliednk s e nt
morfolojisi, adsopsi yon kapasitesi ve éGedl kar ¢
do°n¢gy2mtemyguhanknsgad @exlme teplirmensi rmirn ér é |
¥rnejinisiandaelc e- ozre |l t i-demi letl aAHE7dG ordakng 1Z 1 F
bajl ay,wé mikamr i ki ker euyeuli asodotamsi@ ¢ m p 1
0.36 gr ZIF7 / gr organt krkedd anf8earyeedcéyma¢sgKem pro
uygunlanan ZIFB, ZIFLve ZIF6 76 de de benzer sCoenulerltarr el
y°ntilemeaksi yonda kul | arél aln¢ yorkg aknéd skmeb atj ¢

b°yl ece atéeja giden organi k bajlayécé mil

PDMS bazl e,-nfezmypcréalnerairn az ot dabiir. Bayr €l me
ama-lltak [l me mbr art $ e DMSenerhbeafZifi8 / PDMS k ar é K €
matrisli membran (KMM), ZIFL/PDMS KKM, ZIF-67/PDMS KKM, ZIF7/PDMS
KKM ve ZIF-71/PDMS KMM.Kar ék €k mat r iak salncaieteantb r anl a

L/ PDMS KMMG6EnN, s anfa RPM8c une mb g a OBX bil e
g e imlilik ve UOB/Nb s e- i | ik dej er6Onve o 38ar aseyt aj ¢
g%zI| enBreiskKlteimme. i -i nde sadece bir UOB i -er e

karéekémr&te sécakl élSleanndd éekestegedicimmnet il

Vil



birbirine gZ2eepkti verundEdleerdiim . besl eme I -1 ndeki
azalteldejénda, UOBs eg-ei-dirliind idkd]iekr iv es éUrCaBg é\y |

azal mékt eéer .
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CHAPTER 1

INTRODUCTION

1.1 Zeditic Imidazole Frameworks (ZIFs)

ZIFs, crystalline microporous materiaisith the topology of zeolites is a
subclass of metadrganic frameworks (MOFsXIFs comprise the valuable properties
of both zeolite and MOFs such as diversity of framework stre@nd pore systems,
modifiable organic and bridging ligan@ihe angle between ®)-Si and MIM-M are
equal,145°(Figure1). They have high thermal and chemical stability, large specific
surface area and higher adsorption amount toward VOCs over nitoogetygen.
Due to these propertieshey have been used in many areas sashcatalytic
application in petroleum refining and selective separation for gas or/and vapor

mixture.

M-IM-M Si-0-8Si

(a) (b)
Figurel. The bridging angles in ZIFs (a) and zeolites(fhan et al. 2010)

There aredifferent methods to synthesiZélFs. These are solvothermal
method, drygel conversion method, microwave method, microfluidic method,
mechanochemical method, electiemical method andsonahemical method.
Among those methodsostly solvothermal method ipreferredto synthesizeZIFs

(Bhattacharjee et al. 2014 this method, metal ions (e.g. Zf Co*?) and organic
1



linker (e.g. Hmim, Bim) are mixed at an isothermal tempergB&eaerjee et al. 2008)

At the end of the reaction, ZIF crystals are separated from the mother liquor by
applying centrifugation. Finallythe solid cystals are washed several times with a
solvent(e.g. methanol, ethanol, DMF, watdo) get rid of unreaeid chemical thus

ZIFs are obtain witla high purity.

1.2 Volatile Organic Compounds (VOCs)

Volatile organic compounds (VOCd)ighly reactive hydrocadns Their
boiling points are in theangeof 50 and26(’C and they have vapor presssiggeater
than 0.01 kPa at room temperat(Berenjian et al. @12) VOCsare. They react to
produce ozone (§) and other chemical compounds in the presence of sunlight and
nitrogen oxides, (NOXx), as representeddgn. 1 (Nevers 200Q)Those chemicals are
toxic and carcinogenic sthat they cause a negative effect on human health and
harmful effects on the @ronment.
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Solvents are one of the main sources of VOCs. They compose approximately
35 % ofall VOCsin the atmospher&hey are used in a wide variety of manufacturing
processes: petieum refining, painting, printing, metal cleaning, gluing and coating,
electronic, prespackaging, textil§Lue, Chen, et al. 2008; Smallwood 2002\
scale of industrial mariacturing process often releases-géises including VOCs.
Hence, recovery and reuse of those solvents are essential due to economic losses and

environmental concern.



1.2.1 Control of VOCs Emission

The recoveryVOCsis significantto reduce theperding costof a chemical
process Different techniques are alable to control VOCs emissian the industry
(Figure2). These techniques are classifas{i) process and equipment modification

(i) add-on control techniques.

In the first technique, VO@mission iscontroled by modifying the process
equipment, raw material, and/or change of the process. For instance: replacing
standard solverbased printing with fluidizethed powder coating can be regarded as
equipment modification or substitutigNevers 200Q)Although, this method iseen

aseffective and efficient; itgpplication area is limited because of econ@higsues.

The addon control technique is classified into two syioups: destruction and
recovery.VOCs aredecomposedby either oxidation or bidiltration in destruction
method.Oxidation can be either catalytic or thermal.thermal oxidation methqd
VOCs are burned out at a temperature range -1800 °F. This system is not
practicable for treating waste stream with low VOCs concentrationlovh
concentrationvOC stream requé@s high amount ofheat input and retention time
(Brown 2002) Furthermore, nitrogen in the air may turn into nitrogen oxide at high

temperature, which is a secondary pollutagitouglin 2011)

Catalytic oxidationmethodis similar to thermal one. The main difference is
the operating temperature (#000°F). The drawback of this techniquedsprodue
toxic by-producst unless catalyst materials are recyclable. Beside, catalyst materials
canbe sensitive to poisoning by ndfOCs materials such as sulphur, chlorides ,and
silicon (Khan & Kr. Ghoshal 2000)

In the bio-filtration method the waste stream flows throughout a porous
packed pipe in which microorganisms thrive. The waste stream cleans itself by an
adaptabn of biodegradation. Microorganisms convert sorbed VOCs inte &0
water. This method is valid for low VOCs concentrations (between 1000 to 1500 ppm
as methang)Brown 2002) The main drawback of this method is that chemicals may

cause microorganisms to become more t&sis Those microorganisms may even



produce byproducts more toxic than the VOQdus, destruction of VOCs may cause
more harmless and objectionable form of compound.

VOCs removal techniques

Process and equipment
modification

Add on control techniques

Destruction Recovery
- Oxidation —‘ Absorption
T Bio-filtration — Adsorption

— Condensation

— Membrane separation

Figure 2. Classification of VOCs emission control technigqikban & Kr. Ghoshal
2000)

Recovery of VOCs is feasible with different processes such as absorption,
condensation and membrane separat@psorptionis a diffusional masgansfer
operation used to remove I3 by contacting the waste air with a liquid solvent, so
that any soluble VOCs will transfer to the liquid phase. This method valid for solvents

that have a low volatility. There is an important restriction for this process; a high



humidity air stream (509RH). In addition to this, this process is not suitable for a

cyclic operation because of stah time constraintéTsai 2002)

Adsorptionis a method based on the attachment of VOCs on to the adsorbent.
Activated carbon is one of the most common adsorbents that prefers to remove VOCs
from the air. VOCs diffuse from the waste stream and cohere on the surface of
adsobent by the weakander Waals force. At least two carbon adsorption column is
required for continues adsorptioropess. The main advantage of adsorption is to be
effective for very low VOCs concentration up @902 (vol %)Figure3).

100,000
Adsorption
10,000 p (Steam Generation)
Condensation
g 1000 b
?
g
S
= 100p
<
) Membrane
Adsorption
10 b | (off-site
Regen)
1 . o R N
0.001  0.01 0.1 1 10 100

VOC concentration ( vol % )

Figure3. The application range of VOCs recovery proce¢Sestt 1998)

Condensationis achieved by cooling VOGaden air to a sufficiently low
temperature that vapor pressure decrease. V&@denseand then the liquid is
separated from the gas by gravity. Condensation is mosttiefewhen the

5



concentration of VOC is higher than 5000 pfBnown 2002) Air flows up to 1000
scfm can be handled in condens@fgyure 3). VOCs with the lowboiling point

increase cooling process operating cost.

Membrane separatiors an effective and modern separatiorhtedogy for
recovery of organic solvents from waste gas streams. A treated stream is separated
into a permeate that consist of concentrated VOCs and a retentate that contains
depletedof VOCs. The substancet not exposdo high temperatures during the
recovery process thus, VOCs chemical structure do not change. Furthermore, it can
simultaneously remove and recover VOCs from gaseous streams. Membrane
separation method is most effective for VOC stream that consists of more than VOCs

concentration 0.1 (v@o) (Figure3). Air flow rates can be moderated up to 1000 scfm.

1.3 Polymeric Membranes

The history of polymeric membranes dates back to 1830e first publication,
they repored that hydrogen diffuse from the surface ahatural rubber balloon
(Norman N Li et al. 2008 Despite a long history, the polymeric membrane could not
be utilized for a long time because dheir high thicknesges In 1963, ultrathin
asymmetric membrasavereintroduced for a reverse osmosis prod@&ssker 2006)
Since that timemembranebased separation technology is very significant to solve

someproblems in the industry.

Currently, many commercial polymers are ava#ablsuch as
polydimethylsiloxane, polysulfone, polycarbonate, polyimide and, cellulose acetates.
For over yearspolymeric membranes have setvas key elements the several
application ares such as hydrocarbevapor separation, air enrichmerfO:
enrichnent or N generatio, syngas ratio adjustment ##£0), refinery H recovery,

acid gas treatment (GTHa), and natural gas treatme(iablel)

Membranebased separation technology is preferred due to reducing process
cost via saving energy. The marketesand number of application area has grown up

over the years. The market has annually become larger and sales of membrane



separation system have reachpgroximately $ 500 million/yegNorman N Li et al.
2008) Table?2 represented the future of industrial membrane separation technology.
As it seen, membrane based separation system undergo a wide usage in the industry

area.

Tablel. Commercial polymeric memanes(Basu et al. 2010)

Membrane Application Area
Polydimethlysioxane (PDMS)Hydrocarbon- vapor separation
Polysulfone (PSF) H, and air separation
Polycarbonate (PC) Air separation
Polyimide (PI) CO,- CH,, H,- CH, and air separation
Polyaramide (PA) H, separation

Celluslose Acetate (CA) CO, - CH, separation
Celluslose tri-Acetate (CTA)|CO, - CH, separation

Table2. Predicted market of membrane in the fut{Bedhar et al. 2014)

) Membrane Markets (US $ Milion
Type of separation

2010 2020
Vapor/N, separation 30 60
Vapor/Vapor Separation 20 100
CO, removal from natural gas 60 100
Isolation of inert N from air 100 125
O, enrichment from air 10 30
H, recovery 60 150
Removal of moisture from air and others 30 100

Polymer based membranes are utilized with respect to their ability to separate

the chemical compound. Howevemll membranesshould have following
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requirementsseparation efficiencyhigh flux, mechanicaktrength over wide range

of operating conditions, durabilityand productivity (Freeman 2010)if there is no
defect, separatiorefficiency directly depend on operating conditions. Productivity
showsinverse rab with membrane thickness, the lower thicknessansthe higher

flux. The higher flux meanthe smaller membrane area and thus, the lower operating
costof the membrandasedseparatiorprocesgKoros & Mahajan 2001)

1.3.1 Basic Principles of Separation in Polymeric Mmbranes

The polymeric membranes considta thin selective layer that performs the

separationThe principle of either gas or vapor permeation through the membrane is
illustratedin Figure4. Feed flows througbut the membrane. Some of the components
diffuse easily and enriched to the permeate side. While the others cannot cross through
the membaine and pass over it dueth® semipermeable property of the membrane.
The penetration of molecules through the membrane depends opolyraer
propertiesthe relative size of penetranalignment of voids in the membranand
driving forcessuch as pissure,temperature and concentration @jeat (Louglin
2011).

O
o0
O
® Ta ©
0°- 0 © o
O OO 0°0. 09 . o
o O
O O—F0—~
Feed O O ) Retentate
Memb = & ——*
g © 0 o
Permeate O O O
©0°4°%0
" 0

Figure4. Basic principle of gas permeati¢Hunger et al. 2012)



The driving force for the transport of permeant through a membrane is the
difference of its chemical potential between feed anthpate sid€S.A.Stern 1995)
The mechanism of permeation througfre transmembrane materieéd widely
described by a solutiediffusion model (Figure 5). The permeant transport
phenomenors taking place in three steps: (1) diffusion through the bayndyer
and sorption at the upstream surface; (2) diffusion of componisige the
membrane; (3) desorption of permeants from membrane into the vapor phase at the
permeate sidand diffusion out the bouady layer of the downstream sidd he last
step usually egligible mass transfer resistance compared thilothers On account
of this, the sorption and diffusivity properties will be utilized to determine
permeability(Lue, Wang, et al. 2008)

Permeate side

0® o
Sorption ® O O @
O @O O o
S O
O ® Diffusion
C] . Selectively
@) Desorption ok
permeating
Feed side O O component

— o —

Membrane
thcikness

Figure5. Solutiondiffusion model

Vapor permeationthrough polymeric membrane islassified into two
categoriegTable3). In category 1, there is no gas in the feed stream, only vapor exits,
e.g., a mixture of alcohol vapors. In category 2, both vapbgas present in the feed

stream e.g., VOCs antbNEither vacuum or purge gas applied from the permeate side



to sweep permeate from the downstream side of the membrane for each category. A
porous or nofporous membrane can be sba with respect to necéygs

Table3. Classification of vapor permeati¢8.A.Stern 1995)

Category 1 Category 2
no gases in the feed with gases in the feed
vacuum on purge gas on vacuum on purge gas on
permeate side| permeate side permeate side permeate side
porous nonporous pOrous |NONPOrous pPOrous | NONPOrous

The principles of gas permeation through polymeric membrane alike
vapor permeatiohere is only gas exist in the fe€hs permeation strongly depends
on feed presure.Gas permeation has advantages compgréue vapor permegion:
no phase may occur during the permeation through the membrane. To conclude that,
gas permeation and vapor permeation are feasible separation pstmeapplication

in the industry dhough they have some disadvantages too.

Membraneperformances definedwith permeality (P), idealselectivity
( Uand mprmeancéR) (Table4). Permeabilityrepresergthe abilityof a component
that transportthrough a membranddeal séectivity is obtained by dividingtwo
c 0 mp o npermeabilibyvalue for instarce i and j. It represerd the separation
efficiency of a membranePermeance is equab dividing permeabity by the
thickness ofhemembrane/fx Permeability and permeankave the nitsofi Bar r er 0

and AtGdPadedgiven ieq 2 and 3 respectively
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Table4. Terminologyfor defining membrane performance

Abbreviation Formulas Unit

Permeance 0O 0 = = 'wa, (Yﬂ,u. .

b wa i wao

- . /b Q4 (Y'Y a

Permeabilty P L =3 54 I 640
. | 0
Ideal Selectivity | =
0

O4a YYD Qa

NI 1 P pMT +—r———.. 0N
P L p wa i wa0Q %
“ofy i O4d YYD or
P PP Ta 1 waoq P

1.3.2Mixed Matrix Membranes (MMMs)

The main feature®f membranébased separation process are high energy
yield, low capital investment, simple operation systeasy indllation, scalaltity,
high mechanicabndthermaldurablity overthe wide range of operating conditions
(Basu et al. 2010)Nevertheless, here is a tradeff between permeability and
selectivityfor polymeric membranesf permeability increases, selectivitgdeasse
that is shown by fiRobesonupper baindd in the literature(Figure 6). Inorganic
membranes have higher selectivity and permeability values thangtec polymers
as it seen fronfigure 6. In addition to this, they have high thermal and chemical

stability. However the manufacture of larggcale is expensive and difficult.

MMMs bring valuable properties gdolymers- low cost, commerciaécale

manufactureand desirable properties of inorganic fillédsigh selectivity. Inorganic
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materials zeolitesmetal organic frameworks (MOFs), zeolitic imidazole frameworks
(ZIFs), carbon nanotubd€NT) etc - are introducednto polymeric membranes to
enhance performanceésirst MMMs was discovered for CGLCHs separation by
addition of 5A to polydimethylsiloxan@DMS) matrix in 1970lt wasreported that,
diffusion time lag delayed for G&nd CH, on the other hand there was a small effect
on permeation(Chung et al. 2007)MMMs have been studied since 1970, their

permeabilityversusselectivity values reaches above the Robeson upper.bond

Robeson upper

bounds
2008 inorganic
1991 membranes
preferentially permeating gas
/ gas2
selectivity
Oy 2 organic
polymers

trade-off
curves

preferentially permeating gasi permeability P(1) —3m

Figure6. Schematic presentation of Robeson uppemils(Hunger et al. 2012)

MMM s includes two phase: polymeric bulk phase iandganic particle phase
(Figure 3. As represented in this figuret, is possibleto synthesizeMMMs with
various typs of filler with different sizes and shapeshe important situation is
homogeneousldispersingfillers in polymer matrix due tgettingsame performance

throughout the membrane.
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Figure7. Schematic representation of a mixed matrix membrane

1.4 Objective and Thesis Outline

This Ph.D. study hasvo objectives:

i. Synthesis oZIF crystals from recycled mother liquors to increase the yield

of crystallization reaction and reduce the amount of waste organic linker

ii. Vapor/gas separation by PDMS based mixed matrix membranes to recover

solvens from waste gass
ThisPh.D. thesis includes 4 chapter.

Chapter 2 comprises a detailed literature survey of Chapter 3 and Chapter 4.

Here is given a background information of ZIFs, VG@gvapor/gas separation

Chapter 3 consists of the synthesis of-ZIZIF-8, ZIF-67 and ZIF-L crystals
by applying the recycling procedure. It mentions about the ¢systarphology,
thermal behavigrN, adsorption capacity of crystals. This chapter has been published

in Microporous and Mesoporous Materials.

Chapter 4 focuses on the vapges separation performance 4F/PDMS
MMMs. ZIF-8, ZIF-L, ZIF-67, ZIF7, and ZIF71 were used as filleAll the ZIFs

13



were synthesized and characterized beformegus mixed matrix membraneEffect
of operating temperature, pressure and, feed composiianembrane performance

was determined.

1.4.1 Statement of the Problemand Significance of Synthesis of IEs crystals

from Recycled Mother Liquors

Zeolitic imidazole frameworks (ZIFs) are one of the most valuable synthetic
products in the global ecomy (350 $ billion)(Phan et al. 2010)n recent years, ZB-
have charm& notable interest due to their potential @pplicatiors such as

adsorption/separation process, drug delivery, chemical sensors, and catalysis.

105 different types of ZIfhave beerdeclared by 201(QBhattacharjee et al.
2014) Different ZIFswere synthesized by theombination of transition metals and
organic imidazole linkers. Generally, ZIFs can be synthesizeitie presence of
excess amount of imidazole ithe reaction medium. For instance, the molar
composition ofsolution that yields ZIF67 has a molar Hmiro* ratio of 58 whie
the ZIF67 crystal has Hmim/Co ratio of only 2. Besides vield ofcrystallization
reaction is 66, indicating thathe reaction mediuraontains aconsiderable amount
of unreacted imidazole, Hmim. If thmother liquor isrecyckd touse again in the
crystallization, the yield of crystallization reaction increask is essential to recycle

unreacted chemicafer economial and environmental issue.

The conceptof recycling procedure hableen shown by synthesizing new
generation bZIF-8 crystals from mother liquor in our research gr@gpser Demir
et al. 2014) In the present study,dimed to show that this recycle proceduralso
applicable for other ZIFs crystals. &@hecyclingprocedure isummarized in Figure. 8
After synthesis and recovery @fFs crystalsfrom thefresh solutionthemother liquor
(ML) was separated and usedfor the synthesis ohext generation of ZIF crystals.
Before reuses, the first and secontther liguos were modified to arrange

composition of the synthesis solution This modification involves aoly pH

14



arrangemendndaddition ofmetal ionto produce second and thgdneratios of ZIFs

crystals.

Metal
ion -
T3 | Adjustment molar composition

presh (I

solution

d
of metal ion: organic ligand 2"
Mother Mother
Liqour Ligour

o " "

1! generation of ZIF crystals 21 generation of ZIF crystals 3" generation of ZIF crystals

Organic
ligand

pH adjustment

Solvent

Figure8. Schematic expression of recycle mother liquor

1.4.2 Statement of the Problemand Significance of Vapor/Gas Separation

Vapor/ gas separatiosystens has beenstudied since 1990s. The first
application for vapor/gas separation system had been established by Membrane
Technology Research group in 19@orman N Li et al. 2008)Since then, new
systems have been developed in the chemical process industry worldwide. By the end
of 2006, nearly 400 membraib@ased separation usitvere installed in the world
(Peinemann 2006)

VOCs are commonly removed from air by adsorption process in rttaay
chemical processesColumns following lhe adsorption period are regenerated by
increasing temperature, decreasing pressure or using high flux sweeping gases (mostly
nitrogen). The VOC swept from the adsorption column are cooled down to condense
and fed to the distillation units to recover and separate the VOC mixture into its
components. VOCs recovery procesare also employed in fogglacking printing
industry (Figure 9) In this process, solvembntainingai r 6s v ol umetri c
100 000 n¥h that containspproximately 510 gsolvent /mi. The solventir passs
through a carbon adsorption bed, which has hydrophobic character. The solvents
adsoreduntil the bedeaches saturation. At this point, the system sltiseflow of
solvent leaned air. Subsequently, nitrogen with a volumetric flow rate of 20880 m
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starts to flow on the beand nitrogerstrips solvents fornthe adsorption bed and
fed to a condensefhe condensed solvent mixture are separated into its components

by a set of distillation columns.

Humid air Humid air
Solvent loaded air
100000 m¥h =~
Solvent amount is
5-10 g/m?
— I CHED SIS OO TR
Nitrogen
20000 m*/h
fo| o o o
:ﬂ Y Carbon
— 1T Y= [ ' I | adsorption beds
5l i
»% L
= l
N . ) =
| as
) 7, l ] lﬂ Condenser
 Nitrogen 1" Distillation I
- columns 2, Solvent

Figure9. Schematicepresentation of VOCs recovery system in fpagking printing

industry

Neverthelesslow partial pressie of solvent vapors in nitrogerrequires
cryogenic condensatipmvhich isdifficult and expensive The efficiency of solvent
recovery processes can be enhanced by increasing the partial pressure of VOC so that
condensation is likely to be easier and eneconomicalln this study,ZIF filled
PDMS mixed matrixmembrans, whichselectively permeatksolvent vapors (VOCSs)
while rejecting nitrogen and water vapevere developed The membrane can be
mountedbetween adsorption colum@and condensexs shownn Figure 10.Hence
the VOCs concentration at the permeate sidemembrane, which is then fed to

condenserwill be higher and more condensalff@r instancethe dew point of feed
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streamis equal to-11.8°C when andN2: VOCsmolarcomposition is 0.996:0036.If
the membran@ermeate VOCs with 5% of the N,, thedew pointis expected to

increase up tor7 °C.

Adsorption | Retentate
column

4

Mixture composition: %99.9 N,

% 0.03 EtAc
% 0.009 EtOH
% 0.03 IPA
% 0.003 Water vapor
Membrane
»  Feed module ——» Permeate
Feed composition :% 99.6 N, Mixture composition: %4.8 N,
% 0.2 EtAc % 57.5 EtAc
% 0.09 EtOH % 25 EtOH
% 0.07 IPA % 12.8 IPA
% 0.003 Water vapor Dew point ofVOCs:76.6 °C

Dew point of VOCs: -11.8°C

Condenser

Figurel0.A r epr es ent antimbebaamsdedp@ad adfi on process
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CHAPTER 2

LITERATURE REVIEW

2.1 Synthess of ZIFs

ZIFs are synthezed by copolymerization reaction wfetal ion withanorganic
linker (Park et al. 2006)n this reaction, metal iorarethe limiting reactargwhereas
the organic ligand arethe exces®nes. Table 5 shows 10 members of ZIF family.
Molar composition ofeactant and unit cell formulaof thoseZIFs indicate that there
arestill unreacted organic linkem the reaction medium after crystallization reaction.
For instance, 1 mol of Z{NOz3).H->O is reacted witl2 moles of Hmim in orderat
synthesized ZIR.. However, there are 6 moles of Hmimthe reaction mediumt the
beginning of the reactiorit is essential to consume almaditorganic linkes due to

economic lossind environmentassue.

Some methodsexistfor increasinghe productyield of ZIF-8 in the literature
Polyzoidis et al.used a contiuous micro reactor to synthe&is--8. The yield of the
reaction wanly 54 % (Polyzoidis et al. 2016) Nordin etal. synthesized ZHB in
the different concentration of triethylaminey solvothermal method at room
temperatureTheyreported hat the yield of ZIFB was 90 % but they did notemtion
about the applicability of tkimethod tothe other ZIFs.Some researclgroups
increasd the amount of organic ligand in the reaction medilihey claimed that the
product yield of ZIF8 could increase by diluting Zn(NL in thereaction medium
(Cravillon et al. 2012; Pan et al. 201The molar composition &Zn(NOs)2: Hmim
variedfrom 1:23 to 1:70n those studyThey defined yield of the ZH8 based on the
amount of zinc salandthey obtained yield up to 100 %0n the othe hand,they
caused a ristor unreacted Hminat the end of the crystallization reactidime micre

waveassisted method has been used fast crystallization reactionunder
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hydrothermal operating conditiofiBhattacharjee et al. 2014 esideshigher yield
this method requiresigh energy consumptigiross et al. 2012)

Table 5. Metal sources, organic linker sources, molar composition of metal ion:

organic ligand and unit cell formula

ZIE-n | Metal sources Organic linker Mola.r composit.ior? of | Uni Cell
sources metal ions:organic linker| Formula
ZIF-12 [ Zn(NQs),L 4,8 Hmim 1:6 Zn(IM),
ZIF-32 | Zn(NOs),L 4,8 Hmim 1:12 Zn(IM),
ZIF-42 | Zn(NOs),L. 4,8 Hmim 1:3 Zn(IM),
ZIF-72 | Zn(NOs),L. 4,8 H-PhIM 1:6 Zn(PhiM),
ZIF-8° [ Zn(NOs),L 6,8 Hmim 1.8 Zn(MelM),
ZIF-102| Zn(NOy),L. 4,8 Hmim 1:12 Zn(IM),
ZIF-112{ Zn(NOy),L. 4,8 H-PhIM 1:15 Zn(PhiM),
ZIF-122|Co(NGy),L. 6,8| H-PhiM 1.7 Co(PhiM),
ZIF-67°|Co(NGy),L. 6,8 Hmim 1:58 Co(MelM),
ZIF-L 9| Zn(NOs),L 6,8 Hmim 1:8 Zn(PhiM),

®Park et al. (2006)b; Keser, et al. (2014) Qial et al. (2012);
9Chenetal. (2013)

In our research group, second and third generation of8ZtFystalswere
acquiredby recyclingthe mother liquorsThe product yield of the ZH8 increased
from 38 % to 80 %Keser Demir et al. 2014) The recycling method do notquired
neither dilutednetal salt nor unfavorable energy consumpfidns method based on
the pH adjustment dhe 1 St mather liquorand metaion addition to the ® mother
liquor. In this study, it was aimetb show the potential ahe recycling methodbr
increasinghe product yield with consuming most of the organic ligand
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105 different ZIFs crystals were report@han et al. 2010) hence it is not
possible to apply thisnethodto all of them In this PhD thesis, five distinct ZIF
crystals werehosen ZIF8, ZIF-L, ZIF-67 andZIF-7. The product yield of those ZIFs
aregivenin Table6 which demonstrate the necessitytbt recyclemethod.Those

ZIFs were chosen to represative the rest.

Table6. Yield of the ZIF8, ZIF-L, ZIF-67 and ZIF7 with respect to literature

Yield (%) References

(Keser Demir et al. 2014; Pan et al. 2(

38 - 80 Cravilon et al. 2012; Lee et al. 2015)

ZIF-8
ZIF-L 80 |(Chenetal 2013)

ZIF-67| 53 -75 |(Lin & Chang 2015; Liet al. 2016)

zIE-7 | 83-94 |(X. Wang et al. 2016; He et al. 2013)

The ZIFs were synthesized with solvothermal methods by combining different
metal sources and organic ligan@isose ZIFhavedifferent crystals structure (Figure
11) different zeolite topology, and different pore metrics (Tapl@ hus, density of
metal atom per unit volume (TlVis varied. Either 2methylimizidazole (mIM) or
benzimidazole (bIM) are chosen as an organic lig&@D or RHO topologies are
obtained, respectively. The difference between them is position of IM (4 or 5).
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@ (b) (c) (d)

Figurell. ZIF structure (a) ZIF8 (Park et al. 2006(b) ZIF-L (Zhong et al. 2015)c)
ZIF-67 (Daojun et al. 2013)d) ZIF-7 (Yunpan et al. 2013)

Table7. Zeolite topology, density of metal atoms per unit volume (JTameter the
largest pore through which a sphere can pg&ss, the diameter of the largest sphere

which can fit into the frameworkQ (Banerjee et al. 2008; Park et 2006)

Zeolte code T/ (T/nnf)| @ (0) | @ (69

ZIF-8 SOD 2.45 3.4 11.6

ZIF-L | Semi- SOD 817*

ZIF-67 SOD 2.46 3.4 11.6

ZIF-7 SOD 2.49 2.9 4.31

ZIF-71 RHO 2.06 4.2 16.5
« (6 X8

2.2 Application of PDMS Based MMMs for Vapor/Gas Separation

PDMS (Figure 13 is one of the most studied silictvased polymers due
to excellent membrane performance for separation of vapors from permanent gas
(S.A.Stern 1995) It is preferreddueto some inherent characteristic properties such
as; high chain flexibility, constant physical properties over wide range of temperature,
high stability resistance to weather and ozone, excellent physiologicahess,

rotational mobility large free volura, low glass transition temperaturd 23°C), and
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a hydrophobicitySmallwood 2002; Yeom et al. 2002a; Lue et al. 2010; Fang et al.
2015a; Norman N Li et al. 2008)

HaC—Si——0

Figurel2 Scheme of PDMS

PDMS easily swell in the presence of vapors and gashwhksults in a high
permeability and leads to higher diffusion coefficients. This phenomenon is a good
example of enhancing vapgas selectivity by increasingporgas diffusivity(Cen
& Lichtenthaler 1995)VOCs/N\ selectivityof PDMS-basednembransaregiven in
Figure 13 A length of thebarrepreserg mean selectivitypy single measuremeant
ambi ent temperature with 10msekdiitcd pur e

hydrocarbons changéetween 10 andlOQ.

VOCs/gas separation performance of PDhiSed membrane is donated in
Table 8 Air, N2 ,and R are the offgases while higlvalue organic vapors are alcohols,
ester, gasoline etc. Some researchers claimed that VOCs and gas display reverse
temperature dependence because of different enthalpies of sorption and diffusion
(Leemann et all996; Pinnau & He 2004)

Some researchers have focused on the effect of-ommtponent system and
VOCs concentration on organic vapor permeability through PDMS membrade(
8). Permeability and selectivity of toluem¢hyl acetate vapor mixtures vedess than
the single vapor systems by ~ 10(#eemann et al. 1996}t was pointed out that
permeation and selectivity of VOCs depend of both VOCs content in feed and
condensability of VOCg¢Yeom et al. 2002b)
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Selectivity vs. Nitrogen

Figurel3: Sel ecti vities of wvarioous VOCs over

membranegPeinemann 2006)

Yeom et alfound thatN2 permeability wasuppres®elow pure nitrogen permeability

by sorption of VQTs into PDMS mmbrane and thisffect was moreutstandingvhen
VOCs are more condensablBinnau et al. said th&DMS chain mobility increased

in the event of increasing concentration of the organic vapor, so diffusivity and
permeability increase togPinnau & He 2004) In this case,permeability of
condensable vapors was higher than permanenttgaas reported in the literature
that the permeance, selectivity and permeate of VOCs netrat high VOCs level

in feed streandue to swelling of PDMS lay (Majumdar et al. 2003; Gales et al.
2002)
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Table8 continue

Vapor Gas Membrane Selectivity Permeabilty (barrer) References
Propane a)35°C
Ethane a4 Ethane/ Methane= 335°C
Methane d Propane/ Me{ ha n éropabe= 7400
n-Butane d Et hahel/H Ethane =3900
H, Pure PDMS Membrane d PropabelH Methane=1300 (Pinnau et al. 2004)
b) Minus 20° C H, =980
d Ethane/ Methane= 4.5
a4 Propane/ Mefhane= 39
a Et hahle/ H
a PropgadhelH
Acetone Acetone : 1947 to 8526 Acetone : 37 000 to 162 000
Ethyl acetate PDMS hollow fiber membrarnEthanol : 1947 to 4148 Ethanol : 37 000 to 78 810
Ethanol Ethyl acetate 10710 to 159QRthyl acetate: 203 500 to 286 750
Arr Acetone : 60 to 86 Acetone : 22 200 to 31820 (Gales et al. 2002)
Pure PDMS Membrane Et hanol 7 2 |Eti vaarr cél 26 650 civare
Ethyl acetate: 72 to 213 Ethyl acetate: 31 820 to 78 810
N, :370
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ZIF-8/PDMS MMMs were synthesized to sepanatepane from N (Fang et
al. 2015a)It was reported thateparation selectivity of propane/@hhancety 38 %
according to pure PDMS MMMs with 10 wt % ZB-loading. The research on
ZIF/PDMS MMM s to separate VOCs fromglé limited to the best of our knowledge
ZIF/IPDMS MMMs aremostly usedfor pervaporation recovery of solvents. For
instance, ZIF7//PDMS MMMs, ZIF67/PDMS MMMs, ZIF71/PDMS MMMs and
ZIF-8/PDMS MMMs were used separation of vaga@olvents from aqueous solution
(Wang et al. 2016; Khan et al. 2018; Y. Li, Lik H. &/eMartens & Ivo F. J.
Vankelecom 2014; Bai et al. 2013)

2.3 Hansen Solubility Parameter

Hilde-brand and Scotbffered he solubility parameters 1950. Fifty year
later,Hansen published the Hansen solubility parameters (HSR¥les 2000)HSP
depends omlispersion pola and hydrogen borsdthatoccur if cohesive bonds in a
liquid is brokendown by anevaporatiomprocessDispersion(d) forcesare deal with
the van der Waals bonds between molecutedar (p) interactions definelegree of

dipolar interaction while hydrogebonds (h) is a specieaseof polar interaction.

HSP are applicable fgractical applicationsuch agredicton of interaction
between solutsolute molecules, solvesblvent molecules and solvesdlute
moleculeslt expresses h e d e g r byaefinifgthdisblvemt and solute by three
parameters: ddispersion solulity parameter] : polar solubility parametér
hydrogen bonding solubilityTotal ©lubility parametef| ) is equal to guare root of
summation [Eq 4). If asolvent anda solute have cloge valug this means thahe

solventmore likely tosolve thesolute.

11 1 1 On

Hansen solubility parameteasdifferent meaning for polymers. It defines
degree obwelling when a solvent interact with the polynfeIDMS is one of the most

28



preferdle polymer in the industryit has low dispersion energnd zero polar and
zerohydrogen bondingvith HSP values like]2,0,0].1t 6 s s ol ubiversus y par
the logaithm of thelinear swelling ratiois figured outwith various solventgDam

2006) Dotted vertical line in Figuré4 expressed solvents that have very close HSP

valuewith PDMS.Those solvents causige highestdegree of PDMSwelling.
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Figure14. PDMS sweling ratio with solvent vapor®am 2006)

The distance bet we e n'Ytiwhisisatsd iedcatobfe s i s

polymersolvent likeness and it can balculated by E& where p and s indicate the
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polymer and solvent contribution. If the distance between polymer andnsadve
small, they are more likely to be compatible.

YO o T | | | | 1 Ory

The swelling degree magnable to pedct VOCgnoncondensable gas
separation perfornmece of PDMS based membraitas known thanoncondensable
gas (i.e. N and Q) permeability shows inverse effect with swelling of PDMS
polymer. However, it has nogiven satisfactoryinformation for solvensolvent
separation performand@umens et abvaluated swelling ratio in terms of both weight
and volume by expose PDMS elastomers3differentsolvent vaporéRumens et al.
2015) In this study, their aim was to associate Ra value with experimental data. They
found that solvents thdtad the closest Ra value to PDMS results in the greatest
swelling value. However, thdgundthat if two solvent have closed Ra value to each
other, their swelling ratio might be different. They explained this situation with
Fickion diffusion. Solvent vgor diffusion rate may be smaller than PDMS chain
mobility, so changeable swelling ratio wilbserve They added that vapor pressure
and molecule size havalso impact on swelling ratio of PDM®nfortunately,
physical properties of PDMS networks in theegence of any solvent hast been
predictableyet (Masaro & Zhu 1999)
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CHAPTER 3

SYNTHESIS ZEOLITIC IMIDAZILE FRAMEWORKS

3.1 Introduction

Zeolitic imidazolate frameworks (ZIFs) are porous crystalline materials
consisting of weHlorderedpores.They have high surface area, specific adsorption
capacities and often exhibhigh thermal, chemical and hydrothermal stability
(Bhattacharjee et al. 2014; Phan etZ4l10) These properties make them attractive
materials for many applications such as gas storage, separation, catalysis, drug
delivery and chemical sensdiRan et al. 2011; Phan et al. 2010; Keser Demir et al.
2014; Bhattacharjee et al. 2014; Li et al. 2010)

The properties, types and structures of ZIFs dependilynan different
combinations of different imidazole linkers and metal i(fpark et al. 2006; Kida et
al. 2013) A great number of ZIFs structures have been reported in the literature, which
can be synthesized by using different transition metals (e.g., Zn and Co), imidazole
linkers (e.g., 2methylimidazole, benzimidazole) and solvents such as water,
dimethylformamide (DMF), diethylformamide (DEF), ethanol and methéPah et
al. 2011; R. Chen et al. 2013; Qian et al. 2012Fs can be synthesized by
solvothermal or hydrothermal synthesis methods at temperatures betweieA 298
K generally using excess amount of imidaz@anerjee et al. 2008; Bhattacharjee et
al. 2014) Recently, research has also been devoted to the development of more
efficient methods that increase the chemical yield addae the environmental effects
(Yao et al. 2015)

ZIF-8 synthesized by solvothermal methadsmethanol and DMF has an
average particle size of8 Om a-2@0 16Mm, r (kee ptalc201508 | vy
the other hand, Pan et al. [1] successfully synthesized Zi&nocrystals (<100 nm)
in aqueous solutions containing excess amount of imidazole linker. High imidazole to

metal ion molar ratio leads to smaller ZBFcrystals since the crystal growthasv
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sterically hindered by excess amount of ligand molecules. Therefore, there is still
necessity to develop green synthesis methods for the synthesis of nanosize ZIF
materials.

We recently reported the synthesis of BFrom recycled the mother liquors
(Keser Demir et al. 2014Fdlowing the crystallization, the mother liquor contains
significant amount of unreacted metal ions, imidazole linkers, possibly intermediate
precursor species and large amount of methanol, which was used as solvent. Hence
the mother liquor can be recyclia the synthesis of new generation of Afrystals.

Three different procedures have been developed to recycle the mother liquor. In the
first one, only initial amount of Zfiwas added to orgay aged mother liquor. In the
second one, the pH of the metHiquor was firstly increased from 7 to 9 by adding
NaOH, and then consumed amount of‘Zmas added. In the last one, procedure two
was followed but the initial amount of Znwas added to the mother liquor instead of
consumed amounthe recycling proess was repeated four times so that almost all
imidazole ligand in the solution was depleted. Total yield increased from 38 % to 80
% by recycling the mother liquors.

In the present study, we showed that different ZIFs can also be synthesized by
recyclingthe mother liquor of the synthesis solution and highlighted the versatility of
the previously developed recycling approach. For this purpose, four different ZIFs
(ZIF-8, ZIF-L, ZIF-67 and ZIF7) were selected considering the type of reactants (type
of metdion and imidazolate linker) and solvents (water or organic solvents) necessary
for the crystallization. ZIFB, ZIFL, and ZIF67 have been synthesized in aqueous
solutions with HMIM (2methylimidazole), whereas Z{F was prepared in DMF
(dimethylformamie) by using Bim (benzimidazole) as imidazole linker. Zinc nitrate
hexahydrate (Zn(N¢)..6H-O) was used for ZK8, ZIF-L and ZIF7, on the other hand
cobalt nitrate hexahydrate (Co(M@6H20) was used for ZH67. All these ZIFs were
synthesized from fresBolutions and recycled mother liquors. The products were
characterized by measuring BET equivalent surface area, XRD crystallinity and
determining the crystal morphology and thermal stability. The expensive and
environmentally undesired imidazole speciesl arganic solvents will be recycled
with a small amount of makep to produce different ZIFs continually. Therefore, this
method is expected to reduce the synthesis cost and the environmental impact of ZIF

synthesis substantially
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A systematic study ceaed out and published in order to synthesized-ZIF
ZIF-L, ZIF-67and ZIF7( kahi n, F.; T o p uzlk-71 ystalkvele é p - € |
synthesized after publishing this article. They only used forfillsrato synthesized
ZIF-71/PDMS mixed matrix membrane that mentioned in Chapter 4.

3.2 Experimental Study
3.2.1Materials

Zinc nitrate hexahydrate (Zn(Nf.6H.0), 2 methylimidazole (Hmim)
(CsHeN2), methanol, N,Ndimethyl formamide (DMF), sodium hyaxide (NaOH),
potasyum hydroxide (KOHinc acetate4,5-dichloroimidizoleand benzimidazole
(Bim) were purchased from Siginaldrich. Cobalt nitrate hexahydrate

(Co(NGs)2.6H20) was obtained from MCB. All chemicals were used as purchased.

3.2.2Synthess of ZIFs Crystals from Fresh Slution

ZIF-8 synthesis was carried out by using water as solvent at room temperature.
In a typical synthesis, 2.34 g Zn(M@was dissolved in 16 g deionized (DI) water;
and 45.4 g Hmim was dissolved in 160 g DI water. Builutions were mixed to
obtain crystal mixture with a molar composition ofZrHmim: H,0=1:70:1243. The
crystallization mixture was sti°)rTea 30
product, named as Zi8.0, was recovered by centrifugation (at 26Eelative
centrifugal force (RCF) for 30 min) and rinsed with methanol. This purification step
repeated twice. The product was dried at@@vernight.

The synthesis of ZHE was carried out from fresh solution with a molar
composition of ZA": Hmim: H0=1:8:2240 as followfR. Chen et al. 2013)The zinc
nitrate solution (0.59 g of Zn(N¢R in 40 g DI waterjand imidazole solution (1.3 g of
Hmim in 40 g DI water) were prepared separately and theedniifter stirring for
4 h at room temperature, the product was recovered by centrifugation (at 2655 RCF,
for 45 min) and then washed with water twice and methanol twice subsequently. This

powder, named as ZIE.O, was dried at 78C overnight.
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ZIF-67, caled as ZIF67.0, was also synthesized in aqueous medium.
Typically, 2.704 g cobalt nitrate hexahydrate and 44.24 g Hmim were dissolved in 24
g and 160 g DI water, respectively. These two solutions were then mixed to obtain a
mixture with a molar compositio of C#*: Hmim: HO =1:58:1100. The
crystallization was performed at room temperature by stirring for 6 h. The product was
recovered by centrifuging at 2655 RCF for 30 min and washed with water three times
and methanol three times subsequently. Afterwaits product was dried at 7C
overnight.

Zinc nitrate (1.269 g) and benzimidazole (3.231 g) were mixed, and this solid
mixture was dissolved in 398.16 g DMF at room temperature for the synthesis of ZIF
7. The molar composition of fresh solution wasg*ZmBim: DMF=1:6:1277 . The
synthesis was carried out at 8D for 46 h. The synthesis mixture was centrifuged (at
2655 RCF for 10 min) to recover Z[Fwhich was then washed with methanol three
times. The ZIF7 protected from fresh solution was called #5-Z.0.

ZIF-71 was synthesized by following the reported proced@¥reli, Lik H
Wee, Martens & Ivo F J Vankelecom 2014inc acetate (0.73 g) and 4,5
dichloroimidizole (2.2 g) in 150 ml of methanol were prepared separaibky.
crystallization mixture stirred 30 minutes and left static for 24h at room temperature.
After removing methanol, crystal precipitation were soaked in chloroform for two
days to remove remaining methanoFinally, ZIF71 crystals recovered by

centrifugdion.

3.2.3Synthesis of ZIFsCrystals from Recycled ofMother L iquors

After synthesis of ZIFs, mother liquor (ML) was separated by centrifugation
for use in the synthesis of next generation of ZIF crystals. The new synthesis solution
was formulated by ating NaOH or KOH, metal ion, and imidazole to the mother
liquor. The amount of chemicals added to the ML is showFainle 9for each type
of ZIF and for each recycling.able 10presents the molar ratio of synthesis solution,
ML and modified ML based on etal salt/organic ligand/solvent. The crystallization
time, temperature, centrifugation conditions and the molar compositions of synthesis
solutions were also shown Trable 10 In those tables ZHX.0, ZIF-X.1 and ZIFX.2
denote the crystals synthesizeonh fresh solution, first recycled and second recycled
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mother liquors, respectively. The first recycled ML implies the solution remained from
the synthesis with fresh solution and the second recycled ML implies the solution

remained from the synthesis wiirst ML.

Table9. Amount of components used for the synthesis of ZIFs. Superscripts indicate

the type of metal ion, organic linker and solvent used for the synthesis of a particular

ZIF. Aging was carried out at room temperatovernight.

Sample | Metal Organic | Solvent| NaOH%or KOH" | Mother | Aging
Name | ion (g) | Linker (g) (9) (9) Liquor (g)

ZIF-8.0 | 2.342 45.4¢ 176° X X X
ZIF-8.1 X X X 0.449 221.82 a
ZIF-8.2 | 1.812 X X X 220.64 X
ZIF-L.0O | 0.592 1.3¢ 80° X X X
ZIF-L.1 | 0.3372 X X 0.132¢ 81.19 a
ZIF-L.2 | 0.4632 0.435°¢ X X 81.09 X
ZIF-67.0| 2.704° | 44.24° | 184° X X X
ZIF-67.1 X X X 0.49¢ 229.27 a
ZIF-67.2| 1.90° X X X 229.04 X
ZIF-7.0 | 1.269? 3.231¢ 39?.16 X X X
ZIF-7.1 | 0.522 X X 0.243" 401.5 a
ZIF-7.2 0.53 0.625 X X 401.3

(a) ZN(NGs)2.6H20 or (b) Co(N@)2.6H:0; (c) Hmim or (d) Bm;

DMF

3.2.4 Characterization of ZIFs

(e) Water or (f)

Phase identification was carried out by Brukeray diffractometer operating

at

40

k V

and

4 0 ationA hevelativédr cry§tallinite derer calalilated

based on the peaks of ZIFs at Bragg angles between 7 arieb2®ach type of ZIF,
the one produced from fresh synthesis solution {ZI&) was designated as the

reference with 100% crystallinity and thelative crystallinities of all other samples
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were determined with regard to the reference safiaek et al. 2006; R. Chen et al.
2013; Gross et al. 2012)

Tablel0. Crystallization time and temperature of the ZIFs synthesized from fresh and
recycled solution, and centrifugation period (at 2655 RCF) to recover ZIF crystals;
molar compositions of synthesis solution, remaining mother liquor by mass dalanc

and modified mother liqurs. The solution composition is given in the order of metal

ion: organic ligand: solvent

Sample| Crystallization | Centrifugation| Synthesis Mother Modified

name | t(h) | T(°C) | period (min) | solution liquor mother
liquor

ZIF-8.0 30 1:70:1243|1:222:4015 1:222:4015

ZIF-8.1| 0.5 23 40 1:222:4015 1:318:5902 1:70:1275

ZIF-8.2 30 1:70:1275|1:162:307(

ZIF-L.0 45 1:8:2240 [1:36:13562 1:8:3045

ZIF-L1| 4 23 70 1:8:3045 [1:25:10287 1:8:2240

ZIF-L.2 45 1:8:2240 | 1:17:6054

ZIF-

67.0 30 1:58:1100|1:166:323€ 1:166:3236

ZIF- 5 23

67.1 45 1:166:32361:198:3874 1:58:1116

ZIF-

67.2 30 1:58:1116| 1:79:1562

ZIF-7.0 10 1:6:1277 | 1:11:2594| 1:6:1420

ZIF-7.1| 46 50 30 1:6:1420 | 1:8:2197 | 1:6:1277

ZIF-7.2 10 1:6:1277 | 1:7:1568

The yield was defined as thatio of the amount of solid product obtained from
100 g of synthesis mixture to the maximum possible amount of ZIF that can be
produced from 100 g of synthesis mixture if all limiting reactant is consumed. The
unit cell formula of ZIF8, ZIF-L, ZIF-67 andZIF-7 are ZneN24CasHso (Keser Demir
et al. 2014), CioHieNsOz2 Zn (R. Chen et al. 2013)CosN24CagH120
CseHeaN16012ZNn4 (Park et al. 2006) respectively.

and

Crystal morphology and size was determined simagi QUANTA 400F Field

Emission series scanning electron microscopiie average particle size was

36



determined by counting at least 50 particles on each SEM image. For particle size
determination, three samples synthesized at different times were usedpfituach

was followed for all sampled hermal behavior of ZIFs was determined by TGA
(Shimadzu DT&0H) with a heating rate of 30/min under a continuotffow of air
between 40 and 80%. The N adsorptiordesorption isotherms were obtained by
using Micromeritics Tristar Il instruments at 77 K. The £fasorptionrdesorption
isotherms were obtained by the same instrument°@t 0he ZIF8, ZIF-L, ZIF-67

and ZIF7 were degassed at 135 (24 hours), 110C (24 hours), 200C (24 hours)

and 15C0°C (16 hous) in vacuum, respectively.

3.3 Results and Discussion
3.3.1Synthesis of ZIFs from Fresh Crystallization $lution

ZIF-8.0, ZIFL.0, ZIF-67.0 and ZIF7.0 were synthesized using molar ratios
given in the literaturéPan et al. 2011; R. Chen et al. 2013; Qian et al. 2012; Liu et al.
2011) XRD patterns of the asynthesized ZIFs from fresh solutions are shown in
Figure 15 which also includes the patterns from the literature as referdinee.
relative intensities and the peak positions of each sample match well with the
corresponding referen¢Park et al. 2006; R. Chen et al. 2013; Gross et al. 2012; Yin
et al. 2017) There is no evidence for the formation of any other crystalline phases in

the samples.
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Figurel15. XRD patterns of ZIFs produced from fresh synthesis solu{eyZIF-8.0
(b) ZIF-L.O (c) ZIF-67.0(d) ZIF-7.0 (e) ZIF-71.0 The red Ine shows the reference

patterns.

3.3.2Synthesis ofZIFs from R ecycledMother L iquor

Recently, Pan et §Pan et al. 201)as shown the synthesiEZIF-8 in water,
which is an environmental friendly and cheaper solvent than organic solvents.
However, the molar ratio of Hmim/2his significantly higher in the water roug@an
et al. 2011}han in the methanol rout&eser Demir et al. 2014; Surendar R. Venna
et al. 2010) If the molar ratio of Hmim/Z#1 is reduced, other types of ZIF crystals
such as ZIH. are obtained Therefore, recycling is essential for efficient and
environmental friendly synthesis of not only ZBFbut also all ZIFs. For instance,
DMF, which is a very hazardous aprotic solvent, is the only solvent used in the
synthesis of another type of ZIF cal&IF-7. It is crucial to reuse this solvent to
synthesize ZIF crystals again.

Following the crystallization from fresh solutions, ML (mother liquor) for each
ZIF was also recovered and recycled to synthesize new generation of ZIFs as described

in the experimental sectiorf-igure 16presents the XRD patterns for ZIF crystals
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produced from fresh solution (ZK.0), the first recycled mother liquor (ZIK.1) and
the second recycled mother liquor (ZX22). All patterns obtained from the recycled

solutionsperfectly matched with the pattern of respective ZIF obtained from the fresh

solution.
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Figure16. XRD patterns of ZIFs synthesized from fresh solutions and mother liquors
(@) ZIF-8 (b) ZIF-L (c) ZIF-67 (d) ZIF-7.ZIF-X.0 synthesis from fresh solution, ZIF

X.1 synthesis from first mother liquor, and ZK2 synthesis fronsecondmother

liquor.
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To show the reproducibility of synthesis and recycling process, each type of ZIF
was synthesized at least fittmes starting with the fresh solution. The results clearly
indicated that the mother liquor can be recycled and successfully used to produce new
generations of different types of ZIBé-Ray diffraction of ZIF that were synthesized
from different batchis given in Appendix PaA (Al- A4).

The relative crystallinities of ZHX.1 and ZIFX.2 are calculated with
reference to the crystallinity of ZIK.0, which is assumed to be 100 (Table 1).
All results are given in Appendix Part B (E84). The crystdinity of ZIF-8.1 and
ZIF-67.1 dropped to 70% and 63%, respectively. -&IF and ZIF67.1 were
synthesized in the solutions with ZiHmim ratio of 1:222 and 1:166 respectively. In
addition, the synthesis mixtures were diluted with solvent after firgchag such
that the Zi#%H,0 ratio was 1:4015 for ZH8 and 1:3236 for ZIf67 (Table 1. The
lower crystallinity of ZIFX.1 can be attributed to decrease in the relative amount of
metal ions and to dilution of synthesis medium. The addition Zg(Othe second
ML have endorsed the crystallization so that -BIE and ZIF67.2 had more
crystallinity than ZIF8.1 and ZIF67.1.
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Table11l The yield and crystallinity ZIFs obtained frome$h and recycled mothe
liquors

ZIFs crystal Yield (%) Crystallinity (%)
ZIF-8.0 68 N |2 100
ZIF-8.1 35 N |7 70 N 4
ZIF-8.2 62 N |3 85 N 1
ZIF-L.0 84 N |1 100
ZIF-L.1 70 N |2 90 N ¢
ZIF-L.2 26 N |8 96 N ¢
ZIF-67.0 66 N1 100
ZIF-67.1 17 N |3 63 N 1
ZIF-67.2 27 N4 74 N 1
ZIF-7.0 51 N1 100
ZIF-7.1 35 N35 125 N
ZIF-7.2 19 N1 117 N

For recycling of ZIF7 and ZIFL, the composition of mother liquor was
arranged in such a way that its metal:organic linker ratio was the same as the fresh
solution with some dilutionT{able 1Q. Apparently, the metal: organic linker ratiosha
more impact on the crystallization. Therefore, no considerable change was observed
in the crystallinity of ZIFL with increasing the number of recycling while a slight
increase was observed for ZTF

Though, the recycling had a strong influence on yiedd, which was
calculated by assuming that all solid recovered from the synthesis mixture is ZIF,
which was also supported by XRD patter@alculated yield of each crystallization
reaction is givenin Appendix PartC (C1- C4). The yield obtained fronthe
crystallization in fresh solution was always higher than the crystallization in first and
second MLFor ZIF-8, the yield was greater than 60 % when the synthesis was carried
out with fresh solution and dropped to 35 % in the synthesis with firstlescivtL

due to substantial depletion of Zrnin the synthesis solution. Prior to synthesis from
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second recycled ML, ZAwas added to the mother liquor, and as expectedly, the yield
increased to 62 %. On the other hand, the yield decreased constanthefdypés of
ZIFs. No more recycling was performed aftee synthesis in the second recycled
solution, since the amount of Hmim in the mother liquor was anticipated to be very
low based on the material balance carried out using the yield.

SEM images oftte different types of ZIFs and their average particle sizes were
shown inFigure 17to Figure 21and Tablo 10respectively. All ZIFs exhibited their
characteristic morphology regardless of whether the fresh or recycled solution was
used for synthesi<ZIF-8 crystals synthesized in the fresh solution hagagonal
facets( Figure 17 with an average size of 77 nm. Synthesis from recycled solutions
resulted in a small change in the average patrticle size. In all sample®,cAlbtals
exhibited a narrow digbution, which is in a good agreement with several reports
using the same preparation protocol of fresh solyftam et al. 2011)

ZIF-L had two dimensional leafhapeemorphology as reported previously
(Figure 18 (Low, Razmjou, et al. 2014; Q. Liu et al. 2014; R. Chen et al. 20h&re
are bright lines are seen in SEM image since somd.£ifystals are starag upright
or fractured Aspect ratio of ZIFL.0, ZIF-L.1 and ZIFL.2 is approximately ZTable
12) which was similar to ZIFL crystals prepared by Chen et@. Chen et al. 2013)
who produced crystas wi t h a | ength and width of 5¢
thickness of ZILL. cr yst al s, which i s approxi mat e
compared to its length and width. Those particles are-samsparent hence; the
underneath ZIFL particles can ab be seen in the SEM images.

ZIF-67 had polyhedral shafg®ian et al. 2012; H. Li, Hong Ma, Wang, Jin
Gao, et al. 2014)Figure 19 and exhibited a tendency to aggregate ilat@er
particles. The average crystal size of BIF.0 was 281 nm and considerably increased
with recycling.The SEMpictures show that the ZIF particles have a wetlefined
shape and narrow size distributi@ifigure 20 . The average particle size waound
65 nm for ZIF7.0, and much larger particles were obtained by synthesis in the

recycled ML.
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Tablel2 The average particle size based on SEM images aneegEiValent surface

area of ZIFs obtained from fresh and recgialeother liquors.

SEM imagesKigure 2). The average particle size of ZF1
1.

a

ZIFs crystal Average particle size BET surface area ﬁyig)
ZIF-8.0 77 N 4 nm 1424
ZIF-8.1 79 N 19 nm 1293
ZIF-8.2 98 N 4 nm 1383
ZIF-LO |3.68 N 0.98 x 1.52%9 N 0.
ZIF-L1 |3.77 N 1.45 |x1. 702N 0. 4
ZIF-L.2 2.03 N 0.71 |[x1.03801N 0. ?
ZIF-67.0 281 N 24 |nm 1329
ZIF-67.1 560 N 37 |nm 1090
ZIF-67.2 452 N 44 |nm 1322
ZIF-7.0 65 N 3 nm 75
ZIF-7.1 220 N 26 |nm
ZIF-7.2 173 N 21 |nm
ZIF-71.0 2.08 N 1. 85 & m650

The morphology of ZIF71 crystalghat are cubisshapechad determined via

standard

dewvi
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M| ETD |20.00 kV 3.0 110.0 mm| METU CENTRAL LAB

HV r
ETD [20.00 kV| 100 10.3 mm| METU CENTRAL LAB

Figurel7. SEM images of ZIFRB.0, ZIF8.1 and ZIF8.2,which are synthesized from
fresh solutions and mother liquors.
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WD det |spot
4mm|ETD| 3.0

Figure1l8. SEM images of ZIH_.0, ZIF-L.1 and ZIFL.2, which are synthesized from

fresh solutions and mother liquors.
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Figure19. SEM images of ZIF67.0, ZIF67.1 and ZIF67.2, which are syntlsezed

from fresh solutions and mother liquors.

49



det HV mag spo

W | Hrr
ETD|20.00 kV[100 000 x| 3.0 | 10.2 mm| METU CENTRAL LAB

WD | 1pm
10.2 mm| METU CENTRAL LAB

Figure20. SEM images of ZIF7. ZIF-7.0, ZIF7.1 and ZIF7.2, which are synthesized

from fresh solutions and mother liquors.
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1/10/2018 | det 2\% mag ‘spot WD 20 pm

p
10:45:01 AM [ETD | 30.00 kV/ 5000 x| 3.0 | 9.5 mm METU CENTRAL LAB

Figure2l. SEM imagesf ZIF-71.0

ZIF-8, ZIF-L and ZIF67 showed Type-N2adsorption isotherms at 77 K with
no hysteresis, which is characteristic to microporous matéRajsre 22a,b and c)

(Pan et al. 2011; Keser Demir et al. 2014; Qian et al. 2012; Li et al. 2012; R. Chen et
al. 2013) The respective Nadsorption capacity was approximately 480°8P/g,

100 cn¥STP/g and 440 ct8TP/g for ZIF8, ZIF-L and ZIF67 regadlessof the
synthesis method.

Li et al. reported that Nadsorption capacity of ZH was nearly 150 cfn
STP/g, whereas Berghet@Ber gh, Johan; GgEvgepyeHensan, Can:
Emiel;Gascon, Jorge;Kapteijn 2018nd Thompson et al.[22] observed ne N
adsorption on ZIF due to its small pore opening. the present study, the volume
adsorbed was approximately 50%8TP/g for ZIF7.0 and almost no adsorptionsva
observed on ZIF.1 and 7.4Figure 22. 9. Therefore, ZIF7 was also characterized
by CO:adsorption at 273 K Figure 23. CO; adsorption isotherm of all samples were
similar to those reported by Wu et @lVu et al. 2006) and Wang et gWang et al.

2014) All isotherms clearly illustrated that ZIFs produced from fresh angcled

mother liquors have similar pore structure.
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Figure22. N> adsorption/desorption isotherrog (a) ZIF-8 (b) ZIF-L (c) ZIF-67 (d)
ZIF-7 (e)ZIF-71synthesized from fresh solutions and mother liquors.
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Figure 23. CO, adsorption/desorption isotherms of ZIFD, ZIF7.1 and ZIF7.2,

which are synthesized from fresh solutions and mother liquors.

BET equivalent surface area of ZIFs are showhahle 12 ZIF-8 samples have BET
equivalent arface area of approximately 1306/g) which is in good agreement with
the literaturgKeser Demir etla2014; Pan et al. 2011; Kida et al. 201S)irface area

of ZIF-8 synthesized in aqueous system is reported between #ayamd 1500 rig
(Gross et al. 2012; Kida et al. 2013; Keser Demir et al. 20d4he literature, ZIFL

with a BET equivalent surface area of 1880 nt/g (Q. Liu et al. 2014; R. Chen et al.
2013) were reported. ZHE particles synthesized in the current study has a BET
equivalent surface area of 29¢/g) which is slightly greater than the valuestie t
literature. Our BET equivalent surface area results showed that surface are®of ZIF
samples are over 1200°fy. In the literature, BET equivalent surface area of@IF
was reported in a very wide range from 318go 2380 rg (Qian et al. 2012; H.

Li, Hong Ma, Wang, Jin Gao, et al. 2014; Lin & Chang 2015a; Gross et al.. 7DiL)

to low adsorption capacity of ZiF.0 for N;, the BET equivalent surface area was

found as only 3 nf/g. As synthesized ZH71 crystals N2 adsorption capacity was
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approximately 220 ctSTP/g and it showed Tygeadsorption isotherms with no
hysteresis at 77 K.

Figure 24 shows the TGA curves of ZIFs. All thermograms exhibited
approximately 10% weigHbss at low temperatures, which was often attributed to the
removal of solvent, either water or DMIKeser Demir et al. 2014; R. Chen et al. 2013;
Q. Liu et al. 2014; Lin & Chang 2015Between 400 and 600, a sharp decrease in
the weight was observed for Z8; ZIF67 and ZIF7 due to the decomposition of
organic framework. The residue was about 30%Hese types of ZIF. The residue is
expected to be ZnO for Z18 and ZIF7 (Pan et al. 2011; Keser Demir et al. 2Q14)
and Ca0s (Gross et al. 2012pr ZIF-67 with a theoretical amount of 36%, 23 % and
32% respectively. TGA curves for ZIE(Figure 24.H displayed a stepiise decrease
under air flow, a similar trend hdzken reported by Chen et 2013) and Liuet al.
(2014) Weight loss is approximately 12% up to Z&that can be ascribed to the
removal water from ZIF and desorption of unreacted ligand (e.g. Hmi@) Liu et
al. 2014) ZIF-L crystals TGA studied done under air atmosphere gives 27.5 wt% of
residue (alike the value calculated) and it is characterized to b ZnChen et al.
2013)
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Figure 24. TGA curves (a) ZIF8 (b) ZIFL (c) ZIF-67 (d) ZIF-7 (e) ZIF-71

synthesized from fresh solutions and mother liquors.
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Figure 24.eshows the TG curve of ZiFf1 crystals. There is no weight loss
between 40C and 20C0°C which ruling out the absenoé liquid in the pore. This is
an evidence of the hydrophobic properties of-ZIF A residual mass of 4.8 %
corresponds to the decomposition of ZIE crystals structure with results in the

formation of ZnO.

3.3.3Assessment of the RecyclingrBcedures

The pH of the synthesis medium was monitored as a function of synthesis time
during the synthesis of ZiB, ZIF-L and ZIF67, which were carried out in agqueous
solutions(Figure 25 . The representative reactions for the synthesis of théseafid

ZIF-7 are shown below.

ZIF-8: w&l0 800 600 © :1-A)- O 006 OO0
ZIF-L: &l 800 600 © :1-A)-, O 606 OO0
ZIF-67: 6 ¢00 8006 600 © #1-A)- O 006 OO
ZIF-7: ®elo 8O0 600 © : T0OE)- O 00 OO0

All reactions are anticipated to produce nitric acid so that the pH of the medium
decreaes as the crystallization proceeéigure 25shows the change of pH through
the course of crystallization. This decrease was patrticularly clear in the synthesis from
the fresh solutions.

Organic linkers may exist in two forms during the crystallizateohnker unit
in its deprotonated form and a stabilizing unit in its neutral {@mavillon et al. 2012)
Those coexist in the reaction medium at equilibrium. The concentration of
deprotonated linker degases with the pH of synthesis solut{@urendar R. Venna
et al.2010) The decrease in pH stabilizes the neutral linker and then terminate the

crystal growth in the synthesis from the fresh solution. In the current study, NaOH or
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KOH were added to the first mother liquor to increase the pH to a value closed to the
pH of fresh solution and to stimulate the crystallization in the mother liquor. The OH
source neutralizes *Hwhich induces the deprotonation of excess neutral organic
imidazole. Thus we can conclude that @kbmotes the nucleation and inspires the

crystalgrowth during the synthesis from first mother liquor.
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Figure25. pH change of fresh solution during the course of crystallization of AlIFs i

fresh and recycled solutioa) ZIF-8 (b) ZIFL (c) ZIF-67.
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On the other handeither NaN@nor KNO;s salts was observed in the solid
samples from XRD patterns, probably, they remained dissolved in the synthesis
solution.

The pH change of ZH# was not measured since the reaction was carried out
in DMF. Though, the same pH adjustnt procedure was applied to its mother liquors
and ZIF7 was also obtained from the recycled solutions.

The procedures, which has been developed to recycle the mother liquor
remained after the synthesis, yield ZIFs without any lost in their desiraiperpes.

The XRD patterns osamples obtained by recycling processéswed that no
amorphous or any other phasassts, besides the relative crystallinities of the samples
are comparable to those synthesized from fresh solutions. The SEM images show pur
crystals with welldefined shapes in all steps of the recycling procedure. Moreover,
theBET equivalent surface araad thermal stabilities of all recycle products are very
similar to those obtained from the fresh synthesis solutions.

The developed prcedures introduce many advantages in ZIF production from
the standpoint of production efficiencycaanvironmentTable 13shows the amount
of ZIF produced per amount of organic linker. For example, 0.16 g of7 Zllas
produced from 1 g of BIM after syrdhis from fresh solution. Following the recycling
procedure, 0.36 g of ZIF# was totally produced from 1 g of BIM. The amount of ZIF
produced per gram of organic linker almost doubled for all types of ZIFs. It should
also be noticed that no solvent was edido the synthesis medium throughout the
recycling processes. The results clearly showed the improvement in the efficiency of
ZIF synthesis and reduction in the amount of organic linkers disposed to the

environment by recycling the synthesis solution.
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Table 13. The efficiency of single step synthesis from fresh solution and three step
synthesis using two mother liquors. The efficiency is defined as total amount of ZIF

produced per total amount of organic linker used througtheuprocess.

Total amount ZIF produced/total amount organic linker used
Sample name¢ Fresh solution synthesis Recycle synthesis
ZIF-8 0.028 0.054
ZIF-L 0.38 0.67
ZIF-67 0.032 0.049
ZIF-7 0.16 0.36

34 Conclusion

ZIF-8, ZIF-L, ZIF-67 and ZIF7 were successfully synthesized from fresh and
recycled synthesis solutions with high purity and yield. The adjustment of pH and the
metal ion to organic linker molar ratio of the mother liquegre crucial for the
synthesis of next generation of the ZIF crystals through the recycling procedure. The
crystals produced from recycled solutions had similar morphological and structural
properties with those produced from fresh synthesis solutiormseTAlFs represent
synthesis using different metal ions, organic linkers and solvents, therefore it is
concluded that the procedures developed for recycling of synthesis solution can be

adapted to many types of ZIFs.
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CHAPTER 4

ZIF -X /IPDMS MMMs FOR SEPARATION OF SOLVENTS FROM
NITROGEN

4.1 Introduction

The production in petroleum refining, food, printing, paints, gluing,
pharmacetical and coating process often releaseste air streams containiagarge
amount of volatile organic compounds (VO@s)e, Chen, et al. 2008; Obuskovic et
al. 2003) VOCs are highly reactive hydrocarlsorit is essential to recover the VOCs
from waste gas streams am industrial process due to environmental issard

recover high valueompounds.

Ethyl acetate (EtAc),tbanol (EtOH) isopropanol (IPA) methanol (MeOH),
and propanohre widely useds solventsin defense, electronic, textile amdbber
industries. Onef the industries that uses la@@ounts of solvesis packingprinting
industry. EtOH and IPA amommonsolvents usaéfor thinning paint.They evaporate
from the surface ofhe polymeric packng films during drying processlhe ®lvent
vaporsshould be swept awdy improve the indoor air qualitifhe VOCs in air rather
either disposedo atmospherer recoveredfrom air by adsorptiofbased processes
and recycled

Current VOCsrecovey processes are commoriiased oractivated carbon
filled adsorption columns. Following thadsorption period the columnsare
regenerated by increasing temperature, decreasing pressure or using high flux
sweeping gases (mostly nitrogen). The VOCs sweph the adsorption column cool
down to condense and fed to the distillation processes to separate the VOC mixture
into its components. Neverthelesendensation in solveiitrecovery process is an
expensive step because it often requires cryogenic tatapes due to low partial

pressure of VOCs inNThe efficiency of solvent recovery processeslzaenhancd
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by increasing the partial pressurei®Cs Membranebased separation process is an
effective way to increas¢éhe VOCs partial pressuran nitrogen. It is alsoan

environmentally friendly andosteffective method

Mixed matrix membranes (MMMSs) have many advantages such as ¢ogbin
desirable properties of polymerseconomical, easy scalability and fabricaticeind
high selectivity of inorganifiller materials(Chung et al. 2007; Fang et al. 2019a)
most cases, polydimethylsiloxane (PDMS) based membeaiapreferred due to high
selectivity and permeability for VOCs over roandensable gases such aaql N
(Yeom et al. 2002a; Obuskovic et al. 2003; Baker 2006xnddition, PDMS has
connatural characteristic features like high resistance to weather and caostant

thermal propertieandhydrophobicature

Zeolitic imidazolate frameworksZ(Fs) are crystallinenicroporousmaterials
with a large surface area, chemical and thermal stal{fityrendar R Venna et al.
2010; Keser Demir et al. 2018¢sides they exhibit high compatibility with rubbery
membranes owing to their organic backhofikeese properties make them attractive

candidates fotheselective separation process.

PDMS caneasily svell in the presence of VOCs that enhapegmeability
ThereforePDMSbasedmembranes have analyzed allocationof VOCs from waste
gas streams by many research&is-8/PDMS MMMs were synthesized to separate
propane from N(Fang et al. 2015a)The propane/dselectivity of 10 wt % 10 ZIF
8/PDMS membrane was higher by 38 % than that of pure PDMS memHmanever,
the research on the preparation of ZIF/PDMS membranes for separfa OCs from
N2 is very limited and required further investigatidihe MMMs used for vapor
separation are usually prepared using rubbery polymers and zeolite like zeolite A and
silicate( Bi r g ¢ | -ErSoémaz eedt. 2001; Chandak et al. 1998; Kim et al. 2009)
as fiilers. In recenyears,metal organic frameworks (MOF) and ZIFa as a subset of

MOF are often used in preparation of MMMs.

In this study,PDMS based MMMshat selectively permeas®olvent vapors
(VOCs) over nitrogen and water vapavere developedvVOCs concentration at the

permeag will be higher and condensaldé temperature over’O. As a resultthe
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condenation in the solvent recovery process expected tceconomically more

feasible.

4.2 Experimental
4.2.1 Materials

4,5dichloroimidizole, benzimidazole (Bim),-2methylimidaole (Hmim)
(C4HeN2), N,N-dimethyl formamide (DMF), sodium hydroxide (NaOH), potasyum
hydroxide (KOH) methanol (MeOH) hexaneand benzimidazole (Bim) were
purchased from Signindldrich. Zinc nitrate hexahydrate (Zn(NJ2) and that were
purchased from AcsorespectivelyCobalt nitrate hexahydra{€o(NGs)..6H.0) was

obtained from MCBAII chemicals used as purchaselile synthesizing ZIF crystals.

Polydimethylsiloxane (PDMS) padhnased from Dow Corning andsed as
received. Polyethersulfone (PESlrafiltration supportmembraneNAD|I RE R M
UP150 P waspurchased fronMicrodyn-Nadir. Nitrogen (N, 99.999 vol %) \as
alsousedin the separation processes

4.2.2Synthesizes of ZIF s

ZIFs were synthesized based on the procedure described in Chapter 3 section
3.2.2 ZIF-71 was synthesized by following the procedreported byY. Li, Lik H
Wee, et al. 2014Zinc acetate (0.73 g) and 4gtchloroimidizole (2.2 g) in 150 ml of
methaml were dissolved separately.The zinc acetate solution was added over
imidazole solution at room temperature under vigorous mixiing. crystallization
mixture was thenstirred for 30 minutes andkept without mixingfor 24h at room
temperature. After remming methanolwith pipet, crystal precipitation wersucked
in chloroform for two days to remove remaining methanol. Finally; ZlFerystals
recovered by centrifugation.

Pore size, zeolite topology and unit cell formula of the ZIFs are represented in
Table 14.
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Tablel14. Pore size, topologgnd unit cell formulaf ZIFs

Pore Size (nm) Zeolite code | Unit Cell Formulg]
ZIF-7 0.29 SOD Zn (PhiM),
ZIF-8 0.34 SOD Zn (MelM),
ZIF-67 0.34 SOD Co (MelM),
ZIF-71 0.42 RHO Zn(dcIM),
ZIF-L 0.34 Semi-SOD | Zn (MelM), 5

4.2.3Membrane Preparation

In the present study, all ZIX /PDMS MMMs were preared with 20 wt %
loading of ZIF X ( X: ZIF-8, ZIF-L, ZIF-67, ZIF7, and ZIF71). The ZIFX loading

of a membrane wadefined asnass fractiorZ|F-X in the PDMS.

PDMS has two portion: prpolymer and crosBnker agent (CA)Firstly, 1 g
ZIF-X and 4 g prepolymer were dissolvedin 16 g hexane Hexane was used to
decreaseviscosity of prepolymerthus;ZIF-X could dispersed in prpolymer.The
mixture wasstirred overnight at room temperatureoistaina homogenoumixture
While stirring, hexane evaporated and removed from thep@sener and ZIFX
mixture. The crosdinking procedure was inhibited imé& presnce of hexaneAfter
removinghexane,0.4 g CA wasaddedto the mixture The resulting solutiomwas
stirred for 3 hours aB5 °C. The air bubblesvereremoved fromfinal solution by
vacuum evacuation. The solutivascasedon PES ultréiltration membane at room
temperature. The membrane dried at room temperature overnight and then cured at
130 ° C for 6 hours. The membrarthicknesss, whichwere measured by a

micrometer, werdetweerl7 and 5O m.

Pure PDMS rambrans weresynthesizedby following aprocedure similato
ZIF- X/PDMS MMMs without adding any ZIF crystals.
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4.2 .4Characterization

ZIFs were characterized by Philips PW 184@ax diffractometer(XRD)
operating at 40 kV andThé & adsofptiomdesbrptionCu KU
isothermsof ZIFswere obtaned by using Micromeritics TriStdt 3020instruments
at 77 K. Before test, ZIFs were evacuated as describe Chapter 3, section 3.2.4.
Scanning eletron microscopy(SEM) micrographsof ZIFs and membranewsere
obtainedby using QUANTA 400F. Thermayravimetric analgis (TGA) of ZIFs and
membranesvere madewith Shimadzu DTG60H with a heating rate of 2G/min

under a continuoufiow of air.

4.25 Membrane Permeation Test

The membrane permeation test ihgle gas and VOCsNmixture were
performed a set up schematically shownFigure 26.Membrane sealed in the
membrane module had an effective membrane area for permeation was 2Isem
membrananodule was in an oven to keep temperature constant throughout the test.
The total feed ratevas adjusted as 22 ml/min withmass flow controlleti. There
weretwo mass flow controllersMIFC) in the set up and theaalibration curves are
given in AppendiXPart D. The feed pressure was modulatét backpressure valve

1. A vacuum was applied before each experimetda out

Single gas (Nor CO) permeation teasttilizing a constant ggssuré variable
volume methodTheflow rateof thepermeate gasas measured by a soap flow meter.
CO, permetion testwasperformedat 2 bar and 38C , whereas N permeation test
wasperformedat different pressus€0.5 bar- 4 bar)and temperatuse(35°C- 90°C).
Permeability(J) was calculatetdy Equation 6 wher® is the volumetridlow rate s P
is transmembrangressureA is effective membrane area ad the thickness dhe

membrane.

0 /b

555 O
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Figure26. Schematic representation\dOCs permeation system

The feed that was anixture of VOCs andN. were generated by bubbling
nitrogenat 2 bar through a solvent tamkth a flow rate of 22 ml/minThree way
valve 1 was turned to theside of three wayvalve > to analyze VOCsand N>
concentration in the feedlf VOCs concentrationn the feedwas high, MFGwas
opened to dilutét. Composition of the feed was evaluated via gas chromatography
(GC). GC calibration curve of VOCs and:Nre given in Appendix Part BHhe
detector of GG Varian Capillary Column CRVax 57 CB was maintained &t90°

C. Helium wasusedas a vector gas.

Three wayvalve 1 was turned to the side of membrane module after adjusting
feed compositionThe feed wasonducted witthe membranevhile a vacuum was
applied on the permeate sidEhe VOCs permeated throughetmembrane were
collected in a cold trap and then weighed using a digital bal&amh test took 2
hours,so thatthe massflow rate of VOCscould beercalculatedat the end of each

experiment
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VOCs permeability was calculated with Equatiah where J is the
permedility, Q is the volumetricflow rate of VOCs atpermeateside, yi the mole
fraction of componenitin the permeatside, A is the effective membrane area, and
&P, is the partial pressure difference of componieatross the membran¥D
0w U®, where R and Rare theVOCs pressure in the feed and permeate,

respectively, andixs the mole fraction of componeinbn the feed side.

o

o

e

N2 permeability values weredculatedwi t h r espect to VOCs
calculation was done by using permeatie somposition of VOCs and NNhat were
obtained via GC analysis. The permeability was expressed in the unit of Barrer (1
Barrer = 1*10'° cm® cm cm? st cmHg?).

The membrae performancevas also characterized in terms of selectivity.
Throughout the testomposition opermeate and retentaideswereanalyzed by GC.
The molar compositionf N2: VOCswas used to calculaOCs/Ne selectivity with

Equation 8.

%Ny

1]

4.3 Results and Discussion
4 3.1ZIFs characterization

Figure 27shows the XRD patterns of ZIFs which were synthesized based on
the procedures described previouslChapter 3, sgtion 3.2.2.The reference pattern
for each type of ZIks also shown as bar graph in the figure. The peak positions and
intensities match completely with the corresponding reference patterns3(: Zfark
et al. 2006) ZIF-67 (Gross et al. 2@) ; ZIF-71 (Yin et al. 2017) ZIF-7 (Park et al.
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2006) ZIF-L (R. Chen et al. 201B)indicating that the ZIFs were synthesized with

high crystallinity and purity for use in mixed matrix membranes as microporous filler.

ZIF-L

Ly ' T TE T i"l. P R L

Intensity (a.u)
e
N
R
(@)
~]

5 15 25 35
2-0 (degree)

Figure27. XRD patterns of ZIFsThe bar graphbdlowed each pattern peesent the
references pattern).

Figure 28shows SEM images @issynthesized ZIFs. Each type of ZIF has its
own characteristic morphology. Z#and ZIF67 have hexagonal shagéadure 28a
and c)(Keser Demir et al. 2014XIF-L has leafshaped morphologygure 28b) (R.
Chen et al. 2013nd ZIF7 has cubic morphology (Rige28.d). Lively etal. (Lively
et al. 2011)stated that ZIF1 has an undefined morphologyhaitigh it looks like
cubes. Ortizet al.(Ortiz et al. 2014has, therefore, defined the morphology of ZIF
71 as rhombic dodecahedron. In our study, the shape aflZWas definedhombc
dodecahedron like Ortietal. (Figure 28e).
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Figure28. Sem image of asynthesize
ZIF a) ZIF8 b) ZIFL c) ZIF-67 d
ZIF-7 e) ZIF71

e mag pm
ETD|30.00 kV/5000x 3 CENTRAL LAB
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The average particle size of each ZIF was determined using the SEM images.
For this purpose, three different samples were synthesized for each type of ZIF, and at
least 90 particlesvere counted (Table5l. The average particle size changes from
nane to micron sizes in a wide range, which allows us to investigate the effect of
particle size on the membram®rphology and performance.

The N adsorption isotherms of the syntlzesl ZIFs are depicted in kige 29

ZIF-8, ZIF-L, ZIF-67 and ZIF71 showed Type-N2adsorption isotherms at 77 K that
is characteristic of microporous materiéieser Demir et al. 2014; R. Chen et al.
2013; Qian et al. 2012; Y. Li, Lik H. Wee, Martens & Ivo F.J. Vankelecom 2014)
However, ZIF7 exhibited Type HN2adsorption isotherms, which is characteristic to
nortporous materials. Li et a[ll] suggested that ZiF has Typd isotherm,
although Johan et al. [12] and Thompsoalef13] has claimed that the pore aperture
of ZIF-7 is too small so that ZI# behaves like neporous materials during 2N
adsorption at 77 K. Thed¥dsorption capacities and BET surface area of ZIFs (Table
15) are in the range of those reported in litexature(Li et al. 2013; R. Chen et al.
201 3; Q. Liu et al . 2014 ; Keser Demir et
2018; Qian et al. 2012; Gross et al. 2012; Y. Li, Lik H Wee, Martens & Ivo F J
Vankelecom 2014)
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Figure29. N2 adsorption isotherms of ZIFs crystals
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Table15. Average particle size, MNadsorption amount and BESLirface area of ZIFs

) ) Adsorption of N |BET surface are{ BET surface area i Adsorption of N in
Average particle size i ]
(crPSTP/g) (nflg) the literature (fig) | the lterature (fig)
ZIF-7 65 N 3 nm 32 75 No area * - 362 10 - 150
ZIF-8 73 N 10 nm 480 1424 1019 - 1500 240 - 450
ZIF-67 281 N 24 nm 440 1329 316 - 2380 100 - 500
ZIF-71 2500 N 600 nm 220 650 782 - 1186 250 - 280
ZF-L | 3.8 N 0.98 em x 1.54 N 100 41| Om=289 15 NL8MB250 m 50

* No BET area based on,Ndsorption of 77 K
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4.3.2Morphology of ZIF -X/PDMS MMMs

Five different types of ZIFs were chosen as filleptepare MMMs. All
ZIFs are hydrophobi@Keser Demir et al. 2014; R. Chen et al. 2013; Low, Yao, et al.

2014, Li et al. 2012; Qian et al,whice012;

may improve the compatibility between ZIFs and hydrophobic PCHitSvever, they
have different characteristic regarding their pore structure, crystal morphology,
particle size and shape. In addition, ZIFs with two different metal iori$ &ad Cd?)
and three different organic ligand sources (Hmim, Bim anedi&/loroimidazole)
were used for membrane preparatiodence, ZIFs with different diffusion and
adsorption characteristics weresed to prepare ZiXK/PDMS MMMs for the
separation of organic vapors from nitrogen.

The crosssectional SEM image of a pure PDMS mean& is shown in Fige
30. All membranes cast on commercidirafiltration (UF) membranes (shown with

white dash line on the figure), which has a #wawven supporting layer with a

(

thickness of 180 N 5 &m. A-likp poteyisrabave | nt er

the noawoven and below the separating PES taykhe PES separating layer, with a
molecular weightuto f f 15000 Da and thickness of
shown on Figre 30 PES UF membrane is not anticipated to contribute to the
separation of VOC from Nowing to its large pore size. TherplPDMS membrane

with thickness of approximately 15 em wa:¢

shown in Figire 30by a solid vertical lineThe interface between PDMS and PES
layers, can be clearly seen on the images, suggests goosioadbetween two
polymers.
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Figure30. SEM image of pre PDMS membrane

Figure 31shows the crossectional SEM images of 20 wt % ZK loaded
PDMS mixed matrix membranes. All MMMs were uniformly cast over UF membrane
with a thickness of less han 60 d46n Thelthidkdess of at least two
membranes, which were prepared at different timesemeasured for each type of
ZIF-X loaded membrane. All membranes had similar thicknesses indicating the
reproducibility in membrane casting. Besdle adhesion between PES and PDMS
layers were excellent and not influenced from the incorporation of ZIFs into the
membrane formulation.

The SEM images (Fige 31.a- e) shows homogeneous dispersion of ZIFs
without forming large agglomerates in the PDMtatrix. The adhesion between
PDMS and ZIF particles were excellent so that the ZIF particles can be barely seen on
the SEM images even at high magnifications. The hydrophobic nature of ZIFs and
flexible rubbery nature of PDMS (Fang et al. 2015ajnay resulted in good
compatibility and yielded defect free MMMs.
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Figure31 SEM image(a) 20 % ZIF-8 PDMS MMMs(b) 20 % ZIFL PDMS MMMs
(©) 20 % ZIF67 PDMS MMMs (d) 20 % ZIF7 PDMS MMMs @) 20 % ZIF71
PDMS MMMs
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Tablel6. Thickness of the membrane

Thickness
Pure PDMS Membrane 15.2 N 1
20 % ZIF8 PDMS MMMs 27.7 N 0
20 % ZIFL PDMS MMMs 58.5 N 1
20 % ZIF67 PDMS MMMs 59.2 N 1
20 % ZIF7 PDMS MMMs 47.0 N 0
20 % ZIF71 PDMS MMMs 50.3 N O

The dispersion of ZIHE (20% by weight) in the PDMS was further determined
by EDX analysis (Figre 33. The blue dots represents Si in PDMS while the yellow
ones are for Zif ions in ZIFL. The image shows the homogeneous dispersion of

yellow dots in blue dots, suggesting uniform distribution of-EllR PDMS matrix.

Figure32. EDX Analyzed of 20 % ZIR/PDMS MMMs (blue dots: Si and yellow
dots: Zri?)
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The average dispersion of ZIFs in the entire membrane was also determined
by TGA. For this purpose, five pieces from different positiorsMMMs (Figure 33
was analyzed by TGA in air atmosphere. The total weight of five pieces analyzed by
TGA is approximately 13% (by weight) of the whole membrane. The residual solid
is expected to be a mixture of Si®om the oxidation of PDMS and ZnO from the
oxidation of ZIFs. Their relative amounts, therefore, show the average dispersion of
ZIFs throughout theolymer matrix.For this purposeJF membranepure PDMS
coated membrane and pure 2{Fpowder were analyzed to determine the amount of
residual solids (Figre 39. No solid remained after thermal treatment of UF membrane
at 600C. The percentage residugiO,) was 18.3% after adizing of pure PDMS
membraneThe percentage residual solids of pure ZIFs are shown in TabBased
on the analysis of those materials, the expected percent residual for e kdviNde

predicted as follows:
% residual in MMM = (1-y)*18.3+y*(% residual of ZIFX)
where y is the percent ZIK in aMMM s. For example, the percent residual of a 20%

ZIF-L containing is expected to be 19.9 %. Tabllists the predicted percent

residuals for each MMI8!

Figure33. Schematic representation of parts that analyzed by TG
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Figure34. TGA curves of (a) ZIFs (b) Pure PDMS and PES support membrane
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Tablel7. Residual weight percentages after TGA

Experimenal residual
amount (%)

Theorical residual
amount (%)

ZIF-8 crystals 33.8
ZIF-L crystals 25.7
ZIF-67 crystals 34.0
ZIF-7 crystals 23.0
ZIF-71 crystals 4.8

Pure PDMS Membrane 18.3

% 20 ZIF8 PDMS MMMs 19. 6N 21.5
% 20 ZIF-L PDMS MMMs 20. 1K 19.9
% 20 ZIF67 PDMS MMMs 17. 1K 21.5
% 20 ZIF7 PDMS MMMs 18. 3 19.3
% 20 ZIF71 PDMS MMMs 14.5 15.6

Figure 35shows the TGA of membrane pieces that were cut from 20% ZIF
L/PDMS MMMs. All membrar pieces showed very similar thermographs.
average percent residual of membrane pieces was 20.1% with a standardrdetiatio
0.8 %.The close average percent residual to the predicted one and small standard
deviation indicate the homogenous disttibn of ZIF-L crystalsin the MMMs. The

TGA of other membranes also suggest similar restilte TGA results of 20 % ZH

X/PDMS MMMs are given in Appendix F.
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4.3.3Nitrogen permeation through pure PDMS membrane

The N permeability of pure PDMS membrane was measured®@t &ad 2.92
bar feed pressure and compared with the PDMS permeabilities reported in the
literature (Tablel8). The N permeability of the membrane prepdiie this study
was 266 Barrer, which is very similar to the permeabilities reported in the literature.
Those results indicate the successful coating of PES support with PDMS for use as

gas separation membrane.
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Table18. Pure PDMS N permeability comparison with literature

T (°C)| Permeabiity (barrer) Source
35 266 This work
20 200 Fang et al., 2015
28 245 Reboll ar- P®rez et
35 210 Yeom et al., 2002
40 280 Jong et al., 2006
25 340 Choi et al., 2007
20 280 Leeman et al., 1996
28 245 Singh et al., 1998
40 220 Richard et al., 1987

As the objective of this study is to develop membranes for printing industry, in
which the temperature of VOC#Stream stripped from the adsorber can be as high as
15C°C and at several bars. bHig 36shows the effect of pemation temperature and
pressure on the Npermeability ofpure PDMS membrane. The 2Noermeability
increases with temperature, which is consistent with the litergfigare 36.a) The
results suggest the PDMS membranes are stable at moderately highatengs and
can be used for VOC separation at temperatures similar to industrial VOC recovery
process. On the other hand, thegermeability was nearly independent of pressure
(Figure 36.b)In the literature, the Noermeability was reported to neaiglependent
of pressurgRao et al. 2007; Choi et al. 2007; C K Yeom et al. 2a03lightly
increased with pressuréShi et al. 2006) Therefore, the membranes produced
throughout this thesis were tested at a feed pressure of 2.92 bar.
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Figure36. N2 permeability of pure PDMS membrane (a) at different temperatuee (P
= 2.92 bar) (b) at different feed pressure (T 2Gp
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4.3.4Single gas permeation through ZIFX/PDMS MMMs

The gas separation performance of MMMs were determined by measuring
singlegas permeabilities of Gand N at 33C and 2.92 bar before testing VOG/N
mixtures. This was a quick method for determining membrane performance.

COx/N2 ideal selectivity value of the synthesized membsanerebetween?
and10.5 while CQ permeabilityvalues were between 1100 barrer and 3700 barrer
(Figure 37. In the literature, C@sorption amount of ZIFs are gives0.750.87
mmol/g; 0.960.94 mmol/g; 0.78.75 mmol/g; 2.32.50 mmol/g; and 0.4 mmol/g for
ZIF-8, ZIF-L, ZIF-67, ZIF7 and ZIF71 repectively(McEwen et al. 2013; Cacho
Bailo et al. 2016; Abdelhamid &ou 2018; Perditus & Farrusseng 2012; Ding &
Yazaydin 2013; Ding et al. 2018)According to those values, G@ading of ZIFs
can be sorted as AF > ZIFL > ZIF-8 > ZIF67 > ZIF71. Despite this,it was
observed tha20 % ZIF71/PDMS MMMs has the higest CQ permeability value
This situation may be the result of the relationship between kinetic diaméteigas
and aperture porsizeof the ZIF. A gas molecule can diffuse thorough the pores of
ZIFs that is larger than its kinetic diameter unlebszre flexiblgZhang et al. 2013;
Du et al. 2017)The kinetic diameters of Nand CQ are in order of 0.36 nm and 0.34
nm (Du et al. 2017)The aperture sizof ZIFs aregiven in Tablel4. According to
this, both Noand CQ can penetrate through the pores ofZIE 0.42nm. This may
be the reasoof obtainingthe highest Nand CQ permeability vlueswith 20 wt %
ZIF-71 loaded PDMS MMMs

Pure PDMS membrane has a higherahd CQ permeability than 20 % ZH
8/PDMS MMMs,20 % ZIF67/PDMS MMMs 20 % ZIFL/PDMS MMMsand20 %
ZIF-7/PDMS MMMs Those ZIFs have smaller pore size tharetic diameter othe
gaes Neither N nor CQ can easily diffuse through the pores of those ZIFs
addition of ZIF8, ZIF67, ZIFL and ZIF7 may cause localchain rigidity and
decrease freeolume in the polymeric phage transport(Merkel et al. 2002; G. Liu
et al. 2014) Besides ZIF-L has the sampore diameter with ZIf8 and ZIF67 (0.34
nm), 20 % ZIFL/ PDMS MMMs hal the lowest Nand CQ permeability value. This
may be explained with orientation of ZLFcrystals in the PDMS polymenatrix. If

ZIF-L crystals are aligned perpendicular to the dew ffiller arrangement in the
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pol ymer matri x | oo k(Lape ekat 2084)Abcording OSEMNn d mo r
micrographof 20 % ZIFL/PDMS MMMs (Figure 38), ZIF-L crystds approximately

align vertical to gas flow. Either Nor CO should have to pass around the crystals.

ZIF-L orientationmay increase the pathwayf the permeate gawhich results ina

higher timelag and lover permeability valu¢Kim et al. 2018; Barrer et al. 19620

% ZIF-7/PDMS MMMs have the second smallest &d CQ permeability values.

The gasesnay difficultly permeate through the pores of ZIFdue to having the

smallest pore draeter, 0.29 nm.
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Figure37. N2, COz permeability and C&N2 selectivity ofthesynthesized membranes

( Pure gas, &4 2.92 bar and 3%C)

20 % ZIFL/PDMS MMMs reduced Blpermeability by %55 according to
pure PDMS membranegarding to experimental data. This is the desired situgttion

this studydue to aiming VOCs selective MMMs ovep.N
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Figure38. Gas flow direction tfough the 20 % ZIHE/PDMS MMMs.

4.3.5VOCs/N2 Separation performance of 20wt % ZIF loaded MMMs

A solvert recovery process usually bages adsorptionActivated carbon is
used as an adsorben{Tsai 2002) Although carbon adsorption columns are
hydrophobic, there is still some water in the mixture efaNd VOCs. Thus, it is
essential to synthesize hydrophobic MMMs.
ZIF-8, ZIFL, ZIF-67, ZIF7, and ZIF71 were chosen as a filler to syntlzesi
PDMS based MMMsBoth ZIFsand PDMS polymer that were used in this stiiaye
hydrophobic charactéKeser Demir et al. 2014; R. Chen et al. 2013; Low, Yao, et al.
2014, Li et al . 201 2; Qi an et al . 201 2; G¢ C ¢
al. 2014) These ZIFs were chosen due to their properties such asrEdhorption
amount towards solvents vapors overadd abundant in organic ligands that favors
compatible interface morphology with PDMS without surface modificatieser
Demir et al. 2014; JT. Chen et al. 2013; R. Chen et al. 2013; Li et al. 2012; Qian et
al . 201 2; G¢e¢ceyener e.tPDMSalsoshavis sddectivitiFtang et al
VOCs over nitrogetfFang et al. 2015a)
The pure PDMS membrane was used as a reference to indicate effect of ZIF
additionin the polymer matrix. All MMMs contain 20 % ZIK by weight. Each type

of membranevas synthesized at least 3 times and two part of eaembrane test
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twice consecutivelyTypes of solventand feed composition were determined with
respect to conditions of a typical solvent recovery system in the industgy.
membransperformance werdetermined bgonductedhe membrarga feed stream
with amolar composition of EtOH:IPA:}10:10:980 at 2.92 bar and 35.

Figure 39shows N and VOCs permeability of the membranes. When we
compare pure ppermeability value (Figre 3) with N> permeability in the presence
of VOCs component in feed stregifigure 39.a), it was seen that Bpermeability
increase irthe presence of VOC#n the literature, it was said thak ldermeability
value depress bellow the pureifNthere is a VOC in the feed stredirue et al. 2010;
Yeom et al. 2002b)This situationwas related with VOC condensability and its
concentration in the feedleemann et al. 1996; Yeom et al. 20Q2ppjumder etl.
(2003) clained that if VOCsconcentrationn the feed streanare too low, VOCs
permeance Mli not be such a high that foress N permeability(Majumdar et al.
2003) On the other handsome researcheclaimed thatvOCs sorption in PDMS
increasefree volume and chaimobility of the polymer that causéhe membrane
swelling. Thus N permeation beconssimple and its permeance valoerease$Liu
et al. 2009; Baker 2008 this study, EtOH and IPA hadow molar compositiomn
the feed 2%, so they were not able to reddkepermeability valueThey mght swell
PDMS so N2 permeabilityvalueincreased In addition, pre N> permeability value
was determined a transmembrane pressutebar. However, N2 permeability in
VOCs/Ne mixture was determined under vacuum that wasdiad from the permeate
sidewhichincreasedransmembrane prag®. This situation nght also be reason of
higher N permeability in VOG/N2mixturethan pure Npermeability.

EtOH vapor uptakevalues of ZIF-8, ZIF67, ZIF7 and ZIF71 are
approximatelysame, 6 mmol/g [7,24,25,486] . Thereforejt was expected th&0
wt. % ZIFX | oaded MMMs 06 VlQesshquld bentioset to each y
other However,VOCs permeabilitydecreased withdalition of ZIF-8 andZIF-67
while it increased in theoadingof ZIF-7 and ZIF71 (Figure39). This may be the
resultof aporeblockage Thesoft PDMS chairsegmenmight plugthepores of ZIF
8 and ZIF67 (Fang et al. 2015a)n this case, the VOCs transition througdle pores

becomeeither slomdown or stops comptely. The pore blockage should not occur in
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the pors of ZIF-71 and ZIF7 due to having the highest and smallest pore diameter
among the other ZIFs, respectively.
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Figure39. 20 % ZIFX/PDMS MMMs performancéa) No permeabiliy, VOCs

permeability and VOCs/Nselectivity (b) EtOH/IPA selectivity

(Feed molar composition EtOH:IPA:N 10:10: 980 ; Rea= 2.92 bar and 3%5C)
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ZIF-L loading enhanatVOCs permeability60 %, with respect to pure PDMS
membraneTo having, he highes VOCs permeability may bthe reason ofa leaf
shape morphology dZIF-L crystals.ZIF-L has nota channel systertike the other
ZIFs, soVOCssorptioncannottake placeéby a gate opening mechanisfR. Cken et
al. 2013) However,ZIF-L has more flexibleporethan the other ZIFs that havbe
tetrahedral structur&he pores ofZIF-L arelocated between two weakly connected

layersthat VOCs can more easily diffuse through them.

Selectivity valueof purePDMS membrane and % 20 ZK/PDMS MMMs
are given inFigure 39.a. There is a logical conformity between selectivity and
permeability values of the same membrat® % ZIFL/PDMS MMMs display the
best VOCs/N selectivity valuelf 20 % ZIF-L/P DMS MM M s tivity gakié is C
compared with pur e HRsBédsthan&Hnloadiagreeharcedo n e it

selectivity approximately 33 %.

Figure39.b shows selectivity of EtOH/IPA, which is nearly same for all types
of the membrane. However, selectivity of VOCs beem themselves is not an
important case in this study. Because the starting point of this study was to an
enhancement of VOCs6 dew point in the feed s
solvent recovery process. VOCs selective membcanéncrease padl pressure at
the permeate side; therefore, the recovery process will be more efficient and economic.

The effect of different filles on PDMS basedmembrane separation
performance was determined. 20% wt ZIPDMS MMMs gave the best membrane

performanceso that rest of the study was carried out with it.

4.3.6Separation of single VOC from Nthrough 20 % ZIF-L PDMS MMMs

Several studies ka beencarried out to specify solvent diffusion in the
polymer matrix. All of tlesestudes aimed to describe thphysical properties of
PDMS networks in the presence of any solsdMasaro & Zhu 1999) Nevertheless,
it is still unpredictable. It is not easy to find an appropriate membrane for a given
solvent, therefore, six common solvents taeg mostlypreferredin the industrial

application were chosen. These were methanol (Me@&Hanol (EtOH), dpropanol

94



, ethyl acetate (EtAc),-gropanol (IPA) and butanol (ButOH). Molecular weight and
vapor pressure of the solvents are given in TéBleThe solvent compatibility with
PDMS polymer is determined by calculating Hansen Solulphlivameter (HSP); the
results are tabulated in Talle.

20 % ZIFL/PDMS MMMs performancevastested with single solvent vapor
and N\b. For examplethefeed stream molar compositisrasMeOH:N,=20:980. Both
permeability and selectivity value of membraneere determined at a constant
temperature (3%) and feed pressure (2.92 bax)y permeability decreasedrigure
40.a) in the presence of either MeOH or EtOH or IPA -@rdpanolasdemonstrated
in the literaturg(Cen & Lichtenthaler 1995However, N permeability increagkin
the presence dditherEtAc or ButOH. These solventsight causehe mostswelling
ratio of PDMS polymer matrixsothat N> permeation bexne simple(Baker 2006)
PDMS solubility parameter equal to 180 MPaThe closest vakito PDMS belongs
to EtAc, 165 MP&-°, which means that PDMS more likatyswell in the presence of
EtAc. If a solvent and a polymer haglosel value to each other, they are alike and
compatible(Hansen 2004)When we approaches another point of view, the smallest
Ra value means the highest compatibility of a solvent and a po(f3eknares et al.
2004) According to Tablel9, EtAc is once again the most compatible solvent with
PDMS polymerto swell it ButOH is the second most compatibléveat after EtAc
that may causswelling.Hence N> permeability increasd in the presence of EtAc
and ButOH.
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Table19. Molecular weight, vapor pressure and HSP of solve

HSP * Theoretical value

Solvents | Mol.weight (g/mol)| P " (bar) ( 35°C) |ti, (MPE%)|tp (MPE )|y (MPE9)| U (MPa)i  ( MP Ra
Methanol 32.0 0.279 14.70 12.30 22.30 865 432 |355
Ethanol 42.0 0.137 15.80 8.80 19.40 703 352 197
1- Propanol 60.0 0.051 16.00 6.80 17.40 605 303 125
2- Propanol 60.0 0.105 15.80 6.10 16.40 556 278 101
Butanol 74.1 0.018 16 5.70 15.80 538 269 86
Ethyl Acetate 98.6 0.205 15.8 5.30 7.20 330 165 34
PDMS 16.89 0.12 8.60 359 180

HSP *(Charles 2000)
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VOCs 0 p e rvalesvbrsus kinetig diameter of the VO@se given in
Figure ©.b. VOCs permeatiorvalues dependn solution affinity of VOCs orthe
MMMs and their diffusion through ifLi et al. 2009) Diffusion depends on kinetic
diameter of the permeate taoules. As itwas seen fromFigure 4.b, VOCs
permeability value has inverse proportion with kinetic diameter (expect for EtAc).
EtAc has the highest PDMS swelling ratio that may be the reason of having the highest
VOCspermeability value. On the other hand, ButOH shoaildehithe second highest
VOCs permeability value with respect to PDMS swelling raamens et al., lia
worked on swelling ratio oPDMS with 15 different solvent§Rumens et al. 2015)
They found that PDMS swelling level directly depedebn hov closeda solvent
solubility parameter() to PDMS. However, they observed that even the solvents with
the same valeof solubility parameter dd the different swelling level. They
explained that vapor pressure and molecular sizesoiventhad also affectedthe
swelling level. PDMS swell umuch in case of a high vapor pressure of solvent. They
added that itdok longer to reach the maximum state of swelling providing that there
wasa large molecule. If diffusion of a large molecule is slower than the chain mobility
of PDMS polymer matrix, @Cs permeance decreadegherVVOCs solubilityvalue
or kinetic diameter othem are not able to explain VOCs permeation through the

membrane.

20 % ZIFL/PDMS MMMs showed selectivity farleOH, EtOH, IPA, EtAc,
ButOH, and 3Ipropanol (Figure 4.c). Selectity of EtOH/N> ; IPA/N2 ; 1-
propanol/N ; and EtAc/N are approximately same while MeOH/Bnd ButOH/N
are smaller than thesge. This means that 20 % ZlIFP DMS MMMs 6 separ a

performance depends on the solvent type.
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Figure40. 20 % ZIF L/PDMS MMMs membrane performance (a)pdrmeability
value (b) VOCs permeability value (c) VOCs/delectivity

(Feed molar composition VOCs:N 20:980 P feea= 2.92 bar and feq= 35°C)

4.3.7 Effect of VOCs concentration on20 % ZIF-L/PDMS MMMs performance

20 % ZIFL/PDMS MMMs was tested with two different feed streahmt had
a molar composition of EtOH:IPA:}5:5:990 and EtOH:IPA:N=10:10:980 at
constant feed pressure (2.92 bar) and temperatuf€)(36 is known that aise in
VOCs concentration in feed stream increase chain mobifiiBDMS, which affects
selectivity and permeability.

As it seen in Tabl20, only 1% decrease of VOCs concentrationthefeed
stream has a considerable change on both permeability tedisty value. N
permeability value increased by 3,8 at t hi s ti me V Qa0
decreas@7 % and39.5%, respectively. VOCs and:Nxhibit inverse effect with an

increment of VOCs amount in the feed stream. Some researchers tissedfon the
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effect of VOCs concentration ahe PDMS basednembrane performance. It was
pointed out that the permeation and selectivity towards VOCs repedseitirect
dependency with VOCs content in feed strédi@om et al. 2002b; Gales et al. 2002,
Majumdar et al. 2003)PDMS chain mobility increased in the event of increasing
VOCs concentration in the feed, thus diffusivity and peaimlity of VOCs would be
high (Pinnau & He 2004) Gales et al. demonstrated that increasing the VOCs
concentration in the feed resdtin swelling layer othePDMS membrane so that its
permeability towards VOCs increas@@ales et al. 2002)Even a slight change of
VOCs ®ncentration in the feed streaauseé a very serious change in perandities
and sel ecioéyweintthis stady todJThis means that the mmbrane
performancalepend on the VOCs concentration the feedIn view of this situation,
very dilute VOCs/ N mixture were handledo prove assynthesized membrane
separation performande this study Thus, the needs of the industry can be met in all

circumstances.

Table 20. Effect of VOCs concentration on membrane performance of 20 % ZIF
L/PDMS MMM ( Reed= 2.92 bar and 3%C )

Feed stream molar composition Permeaabilty (Barrer) Selectivity

EtOHIPAN, VOCs N, VOCs/N,
10:10:980 9874 204 48
5:5:990 7178 371 19

4.3.8 Separation of multicomponent VOCs mixture from Nethrough 20 % ZIF-
L/PDMS MMMs

In this study, the effect of a multicomponent mixture on safan
performance of 20 % ZHE/PDMS MMMs was determined. The mixtures were
prepared with EtOH, IPA, #D, and EtAc. Firstly, the mixture of EtOH and IPA (50

% and 50 % by mass) was tested. There vélWater in the feed stream that is an
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inevitable event in an industrial procelssaddition,EtAc is one of the most preferred
solventin the industrial processThus,N2/VOCs/HO composition of théeed was
prepared by taking into consideration thoseagions.

20 % ZIFL/PDMS MMMs was tested with 3 different feed stream at constant
feed pressure, 2.92 bar. VOCs permeability and VO£s#ctivity increased when
EtAc mass fractiorwas increased. Although, single vapog/Nelectivity value of
EtOH/N;, IPA/N2 and EtAc/N were foundnearlysame Figure 40c), it was reported
that VOCs sorption onto membrane affected by presence of othersiot easy to
predict an effect of multicomponent tremembrane performance until their sorption,
diffusion, ard permeation behavior is well definé@ales et al. 2002; C. K. Yeom et
al. 2000)

An operating temperature of any industrial process may be high; tzhée,
ZIF-L/ PDMS MMMs 6 p e rtérminednedhe teneperattaeangefrem 35
°C to 70°C. An increase ithetemperature leads to an inverse effect on permeability
of VOCs and N (Figure 41a). VOCs permeability diminiskewhile therewas an
increment with N6 s Ibh waas know that permdaility coefficientof a gadepend
on two things: diffusion coefficient and solubility coefficig®tern et al. 987). A
diffusion coefficient ofthe gas is directly proportional to temperature; however,
solubility coefficient usually shows inverse effect with the temperature increment. The
N2 permeability enhancement with respect to the temperature points otitethriege
in diffusion coefficient should be higher than the reduction of the solubility coefficient.
In addition, PDMS chain mobility increase with temperature, therefore, larger free
volumes take shape in polymer matf&. K. Yeom et al. 2000)Thus, N can
cavalierly diffuse through thenin the literature, it was affirmed that solvents vapor
and noncondensable gases exhibit contrary temperature dependence because of
distinct enthalpies of sorption and diffusifpeemann et al. 1996; Pinnau & He 2004)
Leeman et al., obserge¢hat ideal selectity of toluenenitrogen decline from 800 to
50 when temperature increase fron’Bdo 140°C. VOCs per mecab i | i ty

decrease by increasing temperature.
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Figure41. Performance of 20 % ZIF L/IPDMS MMMs at different mass fraction and
temperature (a) Permeability (b) VOCs/Belectivity (c) Dew point ré&tionship
between feed and permeate

(P feed= 2.92 bar and MNflow rate= 22 ml/min).

The dew points of feed side and permeate sidere calculated by
Thermosolver version IThe higher membrane separation performance means the
higher DPpermeatevalue For the sake of clarity,-(DP teed DP permeaty Was calculated
and shown witha graph (Figure 41.c). DRed remains constant while DRrmeate
changes with respect to membrane performance. If this value approaches one, this
means that DRedDP permeatdVill approximateo zero. This is only possible with high
DP permeatevalue, his is exactly what waimed Figure 41.c indicates that dew poisit

a functionof bothcomposition oV OCsin the feed strearand operating temperature.
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4.4 Conclusion

The emancenent of VOCs perneability a n diocsklzmakethe membrane a
more efficient and costffective choice for the industrial applicatidrhe motivation
of this chapteis to develop VOCs selective membrane witiigh VOCs permability
value. 206 ZIF-L/P DMS M Msida & OCs permability value 0f9874 barreand
Wiocsinzvalue of 45If those values are compared withre PDMS membrades one s,
the resultscorresponds t®&0 % incrementin permeabilityand 33 % igrement in
selectivity.

The effect of operatintemperatureand VOCs concdrationon 20% ZIF-L
/PDMS MMMs performancewere determined Either increasing temperature or
decreasing VOCs concentration in the feed streau rfegative affect on the
membrane performanceNevertheless, 20 % ZIFL/PDMS had separation
performancettheany situation

Those resultndicate thaR0% ZIF-L/PDMS MMMsiis a good candidate for
increasing efficiency ad solvent recovergystem in the industry.
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