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ABSTRACT 

 

VAPOR SEPARATION BY MIXED MATRIX POLYMERIC MEMBRANES  

 

 

 

ķahin, Fatma 

Ph.D., Department of Chemical Engineering 

Supervisor : Prof. Dr. Halil Kalēp­ēlar 

Co-Supervisor: Asst. Prof. Dr. Berna Topuz 

 

 

September 2018, 137 pages 

 

ZIF-8, ZIF-L, ZIF-7 and ZIF-67 were synthesized from fresh and recycled 

synthesis solutions. The crystal morphology, N2 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 ZIF-7/g organic linker was obtained after two recycling steps, although only 

0.16 g ZIF-7/ 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 linker used for synthesis, therefore the amount of 

waste organic linker was reduced. 

A PDMS-based membrane is potentially appropriate for separation of organic 

solvents from N2. Six different membrane - pure PDMS membrane, ZIF-8/PDMS 

MMMs, ZIF-L/PDMS MMMs, ZIF-67/PDMS MMMs, ZIF-7/PDMS MMMs and 

ZIF-71/PDMS MMMs were prepared. Incorporation of ZIF-L enhanced the VOCs 

permeability and VOC/N2 selectivity by 60 % and 33 % with respect to pure PDMS 

membrane. Single VOCs/N2 mixtures and multicomponent VOCs/N2 mixtures were 

tested at different temperatures. It was found that VOCs and N2 showed inverse 

response with temperature change. Effect of VOCs concentration in the feed stream 
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was determined via decreasing VOCs concentration by 1 % in the feed stream. It was 

observed that VOCs permeability and h VOCs/N2 decreased % 27 and 40 %, respectively.  

 

Keywords: Zeolitic imidazole framework, PDMS, mixed matrix membrane, solvent 

recovery



  

vii  

 

 

¥Z 

 

KARIķIK MATRĶSLĶ POLĶMERĶK MEMBRANLAR ĶLE BUHAR AYIRMA 

 

 

 

ķahin, Fatma 

Doktora, Kimya M¿hendisliĵi Bºl¿m¿ 

Tez Yºneticisi : Prof. Dr. Halil Kalēp­ēlar 

Ortak Tez Yºneticisi: Dr. ¥ĵr. ¦yesi Berna Topuz 

 

 

Eyl¿l 2018, 137 sayfa 

 

 ZIF-8, ZIF-L, ZIF-7 ve ZIF-67 kristalleri orijinal ve geri dºn¿ĸt¿r¿lm¿ĸ 

­ºzeltilerden sentezlenmiĸtir. Ķki farklē ­ºzelti kullanēlarak sentezlenen bu kristallerin 

morfolojisi, N2 adsopsiyon kapasitesi ve ēsēl kararlēlēklarē benzer bulunmuĸtur. Geri 

dºn¿ĸ¿m yºnteminin uygulanmasēyla kristalleĸme tepkimesinin verimi artērēlmēĸtēr. 

¥rneĵin sadece orijinal ­ºzeltiden elde edilen ZIF-7 miktarē 0.16 gr ZIF-7 /gr organik 

baĵlayēcē iken, bu miktar iki kere geri dºn¿ĸ¿m prosed¿r¿ uygulanmasē sonucunda 

0.36 gr ZIF-7/ gr organik baĵlayēcēya ­ēkarēlmēĸtēr. Geri dºn¿ĸ¿m prosed¿r¿ 

uygunlanan ZIF-8, ZIF-L ve ZIF-67ôde de benzer sonu­lar elde edilmiĸtir. Geliĸtirilen 

yºntem ile reaksiyonda kullanēlan organik baĵlayēcēnēn b¿y¿k kēsmē t¿ketilecek 

bºylece atēĵa giden organik baĵlayēcē miktarē azalacatēr.  

 PDMS bazlē membranlar, ­ºz¿c¿lerin azottan ayrēlmasēnda kullanēlabilir. Bu 

ama­la altē farklē membran sentezlenmiĸtir: saf PDMS membran, ZIF-8/PDMS karēĸēk 

matrisli membran (KMM), ZIF-L/PDMS KKM, ZIF-67/PDMS KKM, ZIF-7/PDMS 

KKM ve ZIF-71/PDMS KMM. Karēĸēk matriksli membranlar arasēndan sadece ZIF-

L/PDMS KMMôēn, saf PDMS membrana gºre u­ucu organik bileĸik (UOB) 

ge­irimlilik  ve UOB/N2 se­ilik deĵerinin sērasēyla % 60 ve % 33 arttērtēĵē 

gºzlenmiĸtir. Besleme i­inde sadece bir UOB i­eren ve birden fazla UOB i­eren N2 

karēĸēmlarē  farklē sēcaklēklarda test edilmiĸtir. Sēcaklēk degiĸimine UOBôler ve N2 
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birbirine gºre zēt tepki vermiĸlerdir. UOBôlerin besleme i­indeki deriĸimi %1 

azaltēldēĵēnda, UOB ge­irimliklik ve UOB/N2 se­icilik deĵeri sērasēyla % 27 ve % 40 

azalmēĸtēr. 

 

Anahtar Kelimeler: Zeolitik Ķmizidazolat Kafes, PDMS, karēĸēk matrisli membrane, 

­ºz¿c¿ geri kazanēmē  
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CHAPTER 1 

 

 INTRODUCTION  

 

 

1.1 Zeolitic Imidazole Frameworks (ZIFs) 

ZIFs, crystalline microporous materials with the topology of zeolites, is a 

subclass of metal-organic frameworks (MOFs). ZIFs comprise the valuable properties 

of both zeolite and MOFs such as diversity of framework structure and pore systems, 

modifiable organic and bridging ligand. The angle between Si-O-Si and M-IM-M are 

equal, 145 o (Figure 1). They have high thermal and chemical stability, large specific 

surface area and higher adsorption amount toward VOCs over nitrogen or oxygen. 

Due to these properties, they have been used in many areas such as catalytic 

application in petroleum refining and selective separation for gas or/and vapor 

mixture.  

 

 

                                                            (a)                                         (b) 

Figure 1. The bridging angles in ZIFs (a) and zeolites (b) (Phan et al. 2010) 

 

There are different methods to synthesize ZIFs. These are solvothermal 

method, dry-gel conversion method, microwave method, microfluidic method, 

mechanochemical method, electrochemical method and sonochemical method. 

Among those methods, mostly solvothermal method is preferred to synthesize ZIFs 

(Bhattacharjee et al. 2014). In this method, metal ions (e.g. Zn +2, Co +2) and organic 
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linker (e.g. Hmim, Bim) are mixed at an isothermal temperature (Banerjee et al. 2008). 

At the end of the reaction, ZIF crystals are separated from the mother liquor by 

applying centrifugation. Finally, the solid crystals are washed several times with a 

solvent (e.g. methanol, ethanol, DMF, water) to get rid of unreacted chemical thus 

ZIFs are obtain with a high purity. 

 

1.2 Volatile Organic Compounds (VOCs) 

Volatile organic compounds (VOCs) highly reactive hydrocarbons. Their 

boiling points are in the range of 50 and 260oC and they have vapor pressures greater 

than 0.01 kPa at room temperature (Berenjian et al. 2012). VOCs are. They react to 

produce ozone (O3) and other chemical compounds in the presence of sunlight and 

nitrogen oxides, (NOx), as represented in  Eqn. 1 (Nevers 2000). Those chemicals are 

toxic and carcinogenic so that they cause a negative effect on human health and 

harmful effects on the environment. 

 

ὔὕ ὠὕὅί 
 

ựựựựự ὕ έὸὬὩὶ ὴὶέὨόὧὸί   ρ  

 

Solvents are one of the main sources of VOCs. They compose approximately 

35 % of all VOCs in the atmosphere. They are used in a wide variety of manufacturing 

processes: petroleum refining, painting, printing, metal cleaning, gluing and coating, 

electronic, press-packaging, textile (Lue, Chen, et al. 2008; Smallwood 2002).  All 

scale of industrial manufacturing process often releases off-gases including VOCs. 

Hence, recovery and reuse of those solvents are essential due to economic losses and 

environmental concern.   
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1.2.1 Control of VOCs Emission  

The recovery VOCs is significant to reduce the operating cost of a chemical 

process. Different techniques are available to control VOCs emission in the industry 

(Figure 2). These techniques are classified as (i) process and equipment modification 

(ii) add-on control techniques. 

 In the first technique, VOC emission is controlled by modifying the process 

equipment, raw material, and/or change of the process. For instance: replacing 

standard solvent-based printing with fluidized-bed powder coating can be regarded as 

equipment modification or substitution (Nevers 2000). Although, this method is seen 

as effective and efficient; its application area is limited because of economical issues.  

The add-on control technique is classified into two sub-groups: destruction and 

recovery. VOCs are decomposed by either oxidation or bio-filtration in destruction 

method. Oxidation can be either catalytic or thermal. In thermal oxidation method, 

VOCs are burned out at a temperature range 1300-1800 oF. This system is not 

practicable for treating waste stream with low VOCs concentration. A low 

concentration VOC stream requires high amount of heat input and retention time 

(Brown 2002). Furthermore, nitrogen in the air may turn into nitrogen oxide at high 

temperatures, which is a secondary pollutant (Louglin 2011). 

Catalytic oxidation method is similar to thermal one. The main difference is 

the operating temperature (700-900 o F). The drawback of this technique is to produce 

toxic by-products unless catalyst materials are recyclable. Beside, catalyst materials 

can be sensitive to poisoning by non-VOCs 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 

adaptation of biodegradation. Microorganisms convert sorbed VOCs into CO2 and 

water. This method is valid for low VOCs concentrations (between 1000 to 1500 ppm 

as methane) (Brown 2002).  The main drawback of this method is that chemicals may 

cause microorganisms to become more resistant. Those microorganisms may even 
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produce by-products more toxic than the VOCs. Thus, destruction of VOCs may cause 

more harmless and objectionable form of compound. 

 

 

Figure 2. Classification of VOCs emission control techniques (Khan & Kr. Ghoshal 

2000) 

 

Recovery of VOCs is feasible with different processes such as absorption, 

condensation and membrane separation. Absorption is a diffusional mass-transfer 

operation used to remove VOCs 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 
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humidity air stream (50% RH). In addition to this, this process is not suitable for a 

cyclic operation because of start-up time constraints (Tsai 2002). 

Adsorption is 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 

adsorbent by the weak Vander Waals force. At least two carbon adsorption column is 

required for continues adsorption process. The main advantage of adsorption is to be 

effective for very low VOCs concentration up to  ╔ 0.002 (vol %) (Figure 3). 

  

 

 

Figure 3. The application range of VOCs recovery processes (Scott 1998) 

 

 Condensation is achieved by cooling VOCs-laden air to a sufficiently low 

temperature that vapor pressure decrease. VOCs condense and then the liquid is 

separated from the gas by gravity. Condensation is most effective when the 
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concentration of VOC is higher than 5000 ppm (Brown 2002). Air flows up to 1000 

scfm can be handled in condensers (Figure 3). VOCs with the low-boiling point 

increase cooling process operating cost.  

Membrane separation is an effective and modern separation technology 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 

depleted of VOCs. The substances do not expose to 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 (vol %) (Figure 3). Air  flow rates can be moderated up to 1000 scfm.  

 

1.3 Polymeric Membranes 

  The history of polymeric membranes dates back to 1830. In the first publication, 

they reported that hydrogen diffuse from the surface of a natural rubber balloon 

(Norman N Li et al. 2008). Despite a long history, the polymeric membrane could not 

be utilized for a long time because of their high thicknesses. In 1963, ultrathin 

asymmetric membranes were introduced for a reverse osmosis process (Baker 2006). 

Since that time, membrane-based separation technology is very significant to solve 

some problems in the industry.  

Currently, many commercial polymers are available such as 

polydimethylsiloxane, polysulfone, polycarbonate, polyimide and, cellulose acetates. 

For over years, polymeric membranes have served as key elements in the several 

application areas such as hydrocarbon-vapor separation, air enrichment (O2 

enrichment or N2 generation), syngas ratio adjustment (H2/CO2), refinery H2 recovery, 

acid gas treatment (CO2/CH4), and natural gas treatment (Table 1) 

Membrane-based separation technology is preferred due to reducing process 

cost via saving energy. The market size and number of application area has grown up 

over the years. The market has annually become larger and sales of membrane 
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separation system have reached approximately $ 500 million/year (Norman 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.    

Table 1. Commercial polymeric membranes (Basu et al. 2010) 

 

 

 

Table 2. Predicted market of membrane in the future (Sridhar et al. 2014) 

 

 

 

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

the chemical compound. However, all membranes should have following 

Membrane Application Area

Polydimethlysiloxane (PDMS)Hydrocarbon- vapor separation

Polysulfone (PSF) H2 and air separation

Polycarbonate (PC) Air separation

Polyimide (PI) CO2 - CH4,  H2- CH4 and air separation

Polyaramide (PA) H2  separation

Celluslose Acetate (CA) CO2 - CH4 separation

Celluslose tri-Acetate (CTA) CO2 - CH4 separation

2010 2020

Vapor/N2 separation 30 60

Vapor/Vapor Separation 20 100

CO2 removal from natural gas 60 100

Isolation of inert N2 from air 100 125

O2 enrichment from air 10 30

H2 recovery 60 150

Removal of moisture from air and others 30 100

Membrane Markets (US $ Million)
Type of separation
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requirements: separation  efficiency, high flux, mechanical strength over wide range 

of operating conditions, durability, and productivity (Freeman 2010). If there is no 

defect, separation efficiency directly depend on operating conditions. Productivity 

shows inverse ratio with membrane thickness, the lower thickness means the higher 

flux. The higher flux means the smaller membrane area and thus, the lower operating 

cost of the membrane-based separation process (Koros & Mahajan 2001).  

 

1.3.1 Basic Principles of Separation in Polymeric Membranes 

The polymeric membranes consist of a thin selective layer that performs the 

separation. The principle of either gas or vapor permeation through the membrane is 

illustrated in Figure 4. Feed flows throughout the membrane.  Some of the components 

diffuse easily and enriched to the permeate side. While the others cannot cross through 

the membrane and pass over it due to the semi-permeable property of the membrane. 

The penetration of molecules through the membrane depends on the polymer 

properties, the relative size of penetrant, alignment of voids in the membrane, and 

driving forces such as pressure, temperature and concentration gradient (Louglin 

2011). 

 

 

 

Figure 4. Basic principle of gas permeation (Hunger et al. 2012) 

 



  

9 

  

The driving force for the transport of permeant through a membrane is the 

difference of its chemical potential between feed and permeate side (S.A.Stern 1995). 

The mechanism of permeation through the transmembrane material is widely 

described by a solution-diffusion model (Figure 5). The permeant transport 

phenomenon is taking place in three steps: (1) diffusion through the boundary layer 

and sorption at the upstream surface; (2) diffusion of components inside the  

membrane; (3) desorption of permeants from membrane into the vapor phase at the 

permeate side and diffusion out the boundary layer of the downstream side . The last 

step usually negligible mass transfer resistance compared with the others. On account 

of this, the sorption and diffusivity properties will be utilized to determine 

permeability (Lue, Wang, et al. 2008). 

 

 

 

Figure 5. Solution-diffusion model 

 

Vapor permeation through polymeric membrane is classified into two 

categories (Table 3). 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 vapor and gas present in the feed 

stream e.g., VOCs and N2. Either vacuum or purge gas applied from the permeate side 
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to sweep permeate from the downstream side of the membrane for each category. A 

porous or non-porous membrane can be chosen with respect to necessity.  

 

Table 3. Classification of vapor permeation (S.A.Stern 1995) 

 

 

  

 The principles of gas permeation through polymeric membrane alike 

vapor permeation. There is only gas exist in the feed. Gas permeation strongly depends 

on feed pressure. Gas permeation has advantages compared to the vapor permeation: 

no phase may occur during the permeation through the membrane. To conclude that, 

gas permeation and vapor permeation are feasible separation processes for application 

in the industry although they have some disadvantages too.   

 Membrane performance is defined with permeability (P), ideal selectivity 

(Ŭ), and permeance (R) (Table 4). Permeability represents the ability of a component 

that transport through a membrane. Ideal selectivity is obtained by dividing two 

componentsô permeability value, for instance i and j.  It represents the separation 

efficiency of a membrane. Permeance is equal to dividing permeability by the 

thickness of the membrane (Љ). Permeability and permeance have the units of ñ Barrerò 

and ñGPUò that are given in Eq 2 and 3 , respectively.  

 

 

 

 

 

purge gas on

permeate side 

nonporous porous nonporous porous nonporous

with gases in the feed 

Category 1 Category 2

no gases in the feed

vacuum on

porous

permeate side

vacuum on

permeate side 

purge gas on

permeate side 
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Table 4. Terminology for defining membrane performance 

 

 

 

ρ ὄὥὶὶὩὶρ ρπ  
ὧάὛὝὖ ὧά

ὧά ί ὧάὌὫ
   Ὁή ς 

  

 

ρ ὋὖὟ ρ ρπ 
ὧάὛὝὖ 

ὧά ί ὧάὌὫ
   Ὁή σ 

 

1.3.2 Mixed Matrix Membranes (MMMs)  

The main features of membrane-based separation process are high energy 

yield, low capital investment, simple operation system, easy installation, scalability, 

high mechanical and thermal durability over the wide range of operating conditions 

(Basu et al. 2010). Nevertheless, there is a trade-off between permeability and 

selectivity for polymeric membranes. If permeability increases, selectivity decreases 

that is shown by ñRobeson upper boundò in the literature (Figure 6). Inorganic 

membranes have higher selectivity and permeability values than the organic polymers 

as it seen from Figure 6. In addition to this, they have high thermal and chemical 

stability. However, the manufacture of large-scale is expensive and difficult. 

MMMs bring valuable properties of polymers - low cost, commercial-scale 

manufacture- and desirable properties of inorganic fillers ï high selectivity.   Inorganic 

Abbreviation Formulas Unit

Permeance

Permeability P

Ideal Selectivity

ὐ

‌

ὐ
ὖ

Љ

ὖ   = 
 Љ

Ў

‌   

ὖ

ὖ

ὧά  ὛὝὖ

ὧά ί ὧάὌὫ 

ὧά  ὛὝὖ ὧά

ὧά ί ὧάὌὫ 
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materials - zeolites, metal organic frameworks (MOFs), zeolitic imidazole frameworks 

(ZIFs), carbon nanotubes (CNT) etc. - are introduced into polymeric membranes to 

enhance performance. First MMMs was discovered for CO2/CH4 separation by 

addition of 5A to polydimethylsiloxane (PDMS) matrix in 1970. It was reported that, 

diffusion time lag delayed for CO2 and CH4 , on the other hand there was a small effect 

on permeation (Chung et al. 2007). MMMs have been studied since 1970, their 

permeability versus selectivity values reaches above the Robeson upper bond . 

 

 

 

Figure 6. Schematic presentation of Robeson upper bounds (Hunger et al. 2012) 

 

 MMM s includes two phase: polymeric bulk phase and inorganic particle phase 

(Figure 7). As represented in this figure, it is possible to synthesize MMMs with 

various types of filler with different sizes and shapes. The important situation is 

homogeneously dispersing fillers in polymer matrix due to getting same performance 

throughout the membrane.   
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Figure 7. Schematic representation of a mixed matrix membrane 

 

 1.4 Objective and Thesis Outline 

This Ph.D. study has two objectives:  

i. Synthesis of ZIF 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 

solvents from waste gases 

This Ph.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, VOCs and vapor/gas separation.   

Chapter 3 consists of the synthesis of ZIF-7, ZIF-8, ZIF-67 and, ZIF-L crystals 

by applying the recycling procedure. It mentions about the crystals morphology, 

thermal behavior, N2 adsorption capacity of crystals. This chapter has been published 

in Microporous and Mesoporous Materials.  

Chapter 4 focuses on the vapor/ gas separation performance of ZIF/PDMS 

MMMs. ZIF-8, ZIF-L, ZIF-67, ZIF-7, and ZIF-71 were used as filler. All the ZIFs 
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were synthesized and characterized before using in mixed matrix membranes. Effect 

of operating temperature, pressure and, feed composition on membrane performance 

was determined. 

  

1.4.1 Statement of the Problem and Significance of Synthesis of ZIFs crystals 

from Recycled Mother Liquors 

 Zeolitic imidazole frameworks (ZIFs) are one of the most valuable synthetic 

products in the global economy (350 $ billion) (Phan et al. 2010). In recent years, ZIFs 

have charmed notable interest due to their potential in applications such as 

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

105 different types of ZIF have been declared by 2010 (Bhattacharjee et al. 

2014). Different ZIFs were synthesized by the combination of transition metals and 

organic imidazole linkers. Generally, ZIFs can be synthesized in the presence of 

excess amount of imidazole in the reaction medium. For instance, the molar 

composition of solution that yields ZIF-67 has a molar Hmim/Co+2 ratio of 58 whie 

the ZIF-67 crystal has Hmim/Co ratio of only 2.  Besides the yield of crystallization 

reaction is 66 %, indicating that the reaction medium contains a considerable amount 

of unreacted imidazole, Hmim. If the mother liquor is recycled to use again in the 

crystallization,  the yield of crystallization reaction increases. It is essential to recycle 

unreacted chemicals for economical and environmental issue.  

 The concept of recycling procedure had been shown by synthesizing new 

generation of ZIF-8 crystals from mother liquor in our research group (Keser Demir 

et al. 2014). In the present study, I aimed to show that this recycle procedure is also 

applicable for other ZIFs crystals. The recycling procedure is summarized in Figure 8. 

After synthesis and recovery of ZIFs crystals from the fresh solution, the mother liquor 

(ML) was separated and reused for the synthesis of next generation of ZIF crystals. 

Before reuses, the first and second mother liquors were modified to arrange 

composition of the synthesis solution.   This modification involves only pH 
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arrangement and addition of metal ion to produce second and third generations of ZIFs 

crystals.  

 

 

 

Figure 8. Schematic expression of recycle mother liquor 

 

1.4.2 Statement of the Problem and Significance of Vapor/Gas Separation  

  Vapor/ gas separation systems has been studied since 1990s. The first 

application for vapor/gas separation system had been established by Membrane 

Technology Research group in 1996 (Norman 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 membrane-based separation units were installed in the world 

(Peinemann 2006). 

 VOCs are commonly removed from air by adsorption process in the many 

chemical processes. Columns following the 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 process are also employed in food-packing printing 

industry (Figure 9).  In this process, solvent containing airôs volumetric flow rate is 

100 000 m3/h that contains approximately 5 -10 g-solvent /m3. The solvent/air passes 

through a carbon adsorption bed, which has hydrophobic character. The solvents 

adsorbed until the bed reaches saturation.  At this point, the system closes the flow of 

solvent leaned air. Subsequently, nitrogen with a volumetric flow rate of 20000 m3/h 
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starts to flow on the bed and nitrogen strips solvents form the adsorption bed and is 

fed to a condenser. The condensed solvent mixture are separated into its components 

by  a set of distillation columns.  

 

 

 

Figure 9. Schematic representation of VOCs recovery system in food-packing printing 

industry 

 

Nevertheless, low partial pressure of solvent vapors in nitrogen requires 

cryogenic condensation, which is difficult 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 more economical. In this study, ZIF filled 

PDMS mixed matrix membranes, which selectively permeated solvent vapors (VOCs) 

while rejecting nitrogen and water vapor, were developed.  The membrane can be 

mounted between adsorption columns and condenser as shown in Figure 10. Hence 

the VOCs concentration at the permeate side of membrane, which is then fed to 

condenser, will be higher and more condensable. For instance, the dew point of feed 
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stream is equal to -11.8 oC when and N2: VOCs molar composition is 0.996:0.0036. If 

the membrane permeates VOCs with  ╔ 5 % of the N2,  the dew point is expected to 

increase up to  77 oC.  

 

 

Figure 10. A representative method of membrane-based separation process 
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CHAPTER 2 

 

LITERATURE REVIEW  

 

 

2.1 Synthesis of ZIFs  

 ZIFs are synthesized by copolymerization reaction of metal ion with an organic 

linker (Park et al. 2006). In this reaction, metal ions are the limiting reactants whereas 

the organic ligands are the excess ones. Table 5 shows 10 members of ZIF family. 

Molar composition of reactants and unit cell formulas of those ZIFs indicate that there 

are still unreacted organic linkers in the reaction medium after crystallization reaction. 

For instance, 1 mol of Zn (NO3).H2O is reacted with 2 moles of Hmim in order to 

synthesized ZIF-1. However, there are 6 moles of Hmim in the reaction medium at the 

beginning of the reaction. It is essential to consume almost all organic linkers due to 

economic loss and environmental issue.  

  Some methods exist for increasing the product yield of ZIF-8 in the literature. 

Polyzoidis et al.  used a continuous micro reactor to synthesis ZIF-8. The yield of the 

reaction was only 54 % (Polyzoidis et al. 2016).  Nordin et al. synthesized ZIF-8 in 

the different concentration of triethylamine by solvothermal method at room 

temperature. They reported that the yield of ZIF-8 was 90 % but they did not mention 

about the applicability of this method to the other ZIFs. Some research groups 

increased the amount of organic ligand in the reaction medium. They claimed that the 

product yield of ZIF-8 could increase by diluting Zn(NO3)2 in the reaction medium 

(Cravillon et al. 2012; Pan et al. 2011). The molar composition of Zn(NO3)2 : Hmim 

varied from 1:23 to 1:70 in those study. They defined yield of the ZIF-8 based on the 

amount of zinc salt and they obtained yield up to 100 % . On the other hand, they 

caused a rise for unreacted Hmim at the end of the crystallization reaction. The micro-

wave-assisted method has been used for fast crystallization reaction under 
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hydrothermal operating conditions (Bhattacharjee et al. 2014). Besides higher yield, 

this method requires high energy consumption (Gross et al. 2012).   

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

organic ligand and unit cell formula 

 

 

 

 In our research group, second and third generation of ZIF-8 crystals were 

acquired by recycling the mother liquors. The product yield of the ZIF-8 increased 

from 38 % to 80 % (Keser Demir et al. 2014).   The recycling method do not required 

neither diluted metal salt nor unfavorable energy consumption. This method based on 

the pH adjustment of the 1 st mother liquor and metal ion addition to the 2nd mother 

liquor. In this study, it was aimed to show the potential of the recycling method for 

increasing the product yield with consuming most of the organic ligands.  

ZIF-n Metal sources
Organic linker 

sources

Molar composition of 

metal ions:organic linker  

Unit Cell 

Formula

ZIF-1 
a Zn(NO3)2Ŀ4H2O Hmim 1: 6 Zn(IM)2

ZIF-3 
a Zn(NO3)2Ŀ4H2O Hmim 1: 12 Zn(IM)2

ZIF-4 
a Zn(NO3)2Ŀ4H2O Hmim 1: 3 Zn(IM)2

ZIF-7 
a Zn(NO3)2Ŀ4H2O H-PhIM 1: 6 Zn(PhIM)2

ZIF-8 
b Zn(NO3)2Ŀ6H2O Hmim 1: 8 Zn(MeIM)2

ZIF-10 
a Zn(NO3)2Ŀ4H2O Hmim 1: 12 Zn(IM)2

ZIF-11 
a Zn(NO3)2Ŀ4H2O H-PhIM 1: 15 Zn(PhIM)2

ZIF-12 
a Co(NO3)2Ŀ6H2O H-PhIM 1: 7 Co(PhIM)2

ZIF-67 
c Co(NO3)2Ŀ6H2O Hmim 1: 58 Co(MeIM)2

ZIF-L 
d Zn(NO3)2Ŀ6H2O Hmim 1: 8 Zn(PhIM)2

a
 Park et al. (2006) ; 

b 
 Keser, et al. (2014) ; 

c 
Qial et al. (2012); 

 
d
 Chen et al. (2013)
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105 different ZIFs crystals were reported (Phan et al. 2010) , hence it is not 

possible to apply this method to all of them.  In this PhD thesis, five distinct ZIF 

crystals were chosen ZIF-8, ZIF-L, ZIF-67 and ZIF-7. The product yield of those ZIFs 

are given in Table 6 which demonstrate the necessity of the recycle method. Those 

ZIFs were chosen to representative the rest.  

 

Table 6. Yield of the ZIF-8, ZIF-L, ZIF-67 and ZIF-7 with respect to literature 

 

 

 

The ZIFs were synthesized with solvothermal methods by combining different 

metal sources and organic ligands. Those ZIFs have different crystals structure (Figure 

11) different zeolite topology, and different pore metrics (Table 7). Thus, density of 

metal atom per unit volume (T/Vf) is varied .  Either 2-methylimizidazole (mIM) or 

benzimidazole (bIM) are chosen as an organic ligand, SOD or RHO topologies are 

obtained, respectively. The difference between them is position of IM (4 or 5).  

 

 

Yield  (%) References 

ZIF-8

38 - 80
(Keser Demir et al. 2014; Pan et al. 2011; 

Cravillon et al. 2012; Lee et al. 2015)

ZIF-L 80 (Chen et al. 2013)

ZIF-67 53 -75 (Lin & Chang 2015; Li et al. 2016)

ZIF-7 83- 94 (X. Wang et al. 2016; He et al. 2013)
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             (a)                                   (b)                                    (c)                                (d)         

Figure 11. ZIF structure (a) ZIF-8 (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)  

 

Table 7. Zeolite topology, density of metal atoms per unit volume (T/Vf), diameter the 

largest pore through which a sphere can pass Ὠ  , the diameter of the largest sphere 

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

 

 

 

2.2 Application of PDMS Based MMMs for Vapor/Gas Separation 

 PDMS (Figure 12) is one of the most studied silicon-based polymers due 

to excellent membrane performance for separation of vapors from permanent gas 

(S.A.Stern 1995).  It is preferred due to 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 physiological inertness, 

rotational mobility, large free volume, low glass transition temperature (-123 oC), and  

Zeolite codeT/V
f
 (T/nm

3
)

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

*

Ὠ
 
ὃ Ὠ ὃέ

ὃ 3
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a hydrophobicity (Smallwood 2002; Yeom et al. 2002a; Lue et al. 2010; Fang et al. 

2015a; Norman N Li et al. 2008).   

 

 

 

Figure 12. Scheme of PDMS  

 

PDMS easily swell in the presence of vapors and gas which results in a high 

permeability and leads to higher diffusion coefficients. This phenomenon is a good 

example of enhancing vapor-gas selectivity by increasing vapor-gas diffusivity (Cen 

& Lichtenthaler 1995). VOCs/N2 selectivity of PDMS-based membranes are given in 

Figure 13. A length of the bar represents mean selectivity by single measurement at 

ambient temperature with 1Õm thick pure PDMS membrane. The selectivity of 

hydrocarbons changes between 10 and 100.  

VOCs/gas separation performance of PDMS-based membrane is donated in 

Table 8. Air, N2 ,and H2 are the off-gases while high-value 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 al. 1996; Pinnau & He 2004).  

Some researchers have focused on the effect of multi-component system and 

VOCs concentration on organic vapor permeability through PDMS membrane ( Table 

8). Permeability and selectivity of toluene-ethyl acetate vapor mixtures were less than 

the single vapor systems by ~ 10 % (Leemann et al. 1996). It was pointed out that 

permeation and selectivity of VOCs depend of both VOCs content in feed  and 

condensability of VOCs (Yeom et al. 2002b). 
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Figure 13. Selectivities of varioous VOCs over nitrogen by 1 Õm PDMS composite 

membranes (Peinemann 2006) 

 

Yeom et al. found that N2 permeability was suppress below pure nitrogen permeability 

by sorption of VOCs into PDMS membrane and this effect was more outstanding when 

VOCs are more condensable.  Pinnau et al. said that PDMS chain mobility increased 

in the event of increasing concentration of the organic vapor, so diffusivity and 

permeability increase too (Pinnau & He 2004). In this case, permeability of 

condensable vapors was higher than permanent gas. It was reported in the literature 

that the permeance, selectivity and permeate of VOCs were rich at high VOCs level 

in feed stream due to swelling of PDMS layer (Majumdar et al. 2003; Gales et al. 

2002). 
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ZIF-8/PDMS MMMs were synthesized to separate propane from N2 (Fang et 

al. 2015a). It was reported that separation selectivity of propane/N2 enhanced by 38 % 

according to pure PDMS MMMs with 10 wt % ZIF-8 loading. The research on 

ZIF/PDMS MMMs to separate VOCs from N2 is limited to the best of our knowledge. 

ZIF/PDMS MMMs are mostly used for pervaporation recovery of solvents. For 

instance, ZIF-7/PDMS MMMs, ZIF-67/PDMS MMMs, ZIF-71/PDMS MMMs and 

ZIF-8/PDMS MMMs were used separation of various solvents from aqueous solution 

(Wang et al. 2016; Khan et al. 2018; Y. Li, Lik H. Wee, Martens & Ivo F. J. 

Vankelecom 2014; Bai et al. 2013).  

 

 2.3 Hansen Solubility Parameter 

Hilde-brand and Scott offered the solubility parameters in 1950. Fifty year 

later, Hansen published the Hansen solubility parameters (HSP) (Charles 2000).  HSP 

depends on dispersion, polar and hydrogen bonds that occur if cohesive bonds in a 

liquid is broken down by an evaporation process. Dispersion (d) forces are deal with 

the van der Waals bonds between molecules. Polar (p) interactions define degree of 

dipolar interaction while hydrogen bonds (h) is a special case of polar interaction.  

HSP are applicable for practical applications such as prediction of interaction 

between solute-solute molecules, solvent-solvent molecules and solvent-solute 

molecules. It expresses the degree of ñlikeò by defining the solvent and solute by three 

parameters: ‏ ȡ dispersion solubility parameter; ‏: polar solubility parameter ‏ : 

hydrogen bonding solubility. Total solubility parameter (‏) is equal to square root of 

summation (Eq 4). If a solvent and a solute have close ‏ value, this means that the 

solvent more likely to solve the solute. 

 

 Ὁή τ     ‏  ‏  ‏ ‏

 

Hansen solubility parameter has different meaning for polymers. It defines 

degree of swelling when a solvent interact with the polymer. PDMS is one of the most 
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preferable polymer in the industry. It has low dispersion energy and zero polar and 

zero hydrogen bonding with HSP values like [12, 0, 0]. Itôs solubility parameter versus 

the logarithm of the linear swelling ratio is figured out with various solvents (Dam 

2006). Dotted vertical line in Figure 14 expressed solvents that have very close HSP 

value with PDMS. Those solvents cause the highest degree of PDMS swelling.  

 

 

Figure 14. PDMS swelling ratio with solvent vapors (Dam 2006) 

 

 The distance between two molecules is called as ñὙὥ ñ. This is also indicator of 

polymer-solvent likeness and it can be calculated by Eq 5 where p and s indicate the 
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polymer and solvent contribution. If the distance between polymer and solvent is 

small, they are more likely to be compatible.  

Ὑὥ  τ ‏ ‏  ‏  ‏  ‏   ‏                Ὁή υ 

 

The swelling degree may enable to predict VOCs/non-condensable gas 

separation performance of PDMS based membrane. It is known that non-condensable 

gas (i.e. N2 and O2) permeability shows inverse effect with swelling of PDMS 

polymer. However, it has not given satisfactory information for solvent-solvent 

separation performance. Rumens et al. evaluated swelling ratio in terms of both weight 

and volume by expose PDMS elastomers to 15 different solvent vapors (Rumens et al. 

2015).  In this study, their aim was to associate Ra value with experimental data. They 

found that solvents that had the closest Ra value to PDMS results in the greatest 

swelling value.  However, they found that if two solvent have closed Ra value to each 

other, their swelling ratio might be different. They explained this situation with 

Fickion diffusion. Solvent vapor diffusion rate may be smaller than PDMS chain 

mobility, so changeable swelling ratio will observe. They added that vapor pressure 

and molecule size have also impact on swelling ratio of PDMS. Unfortunately, 

physical properties of PDMS networks in the presence of any solvent has not been 

predictable yet (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 well-ordered pores. They have high surface area, specific adsorption 

capacities and often exhibit high thermal, chemical and hydrothermal stability 

(Bhattacharjee et al. 2014; Phan et al. 2010). These properties make them attractive 

materials for many applications such as gas storage, separation, catalysis, drug 

delivery and chemical sensors (Pan 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 depend mainly on different 

combinations of different imidazole linkers and metal ions (Park 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., 2-methylimidazole, benzimidazole) and solvents such as water, 

dimethylformamide (DMF), diethylformamide (DEF), ethanol and methanol (Pan et 

al. 2011; R. Chen et al. 2013; Qian et al. 2012). ZIFs can be synthesized by 

solvothermal or hydrothermal synthesis methods at temperatures between 298 ï 423 

K generally using excess amount of imidazole (Banerjee 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 and reduce the environmental effects 

(Yao et al. 2015). 

ZIF-8 synthesized by solvothermal methods in methanol and DMF has an 

average particle size of 3-5 Õm and 150-200 Õm, respectively (Lee et al. 2015). On 

the other hand, Pan et al. [1] successfully synthesized ZIF-8 nanocrystals (<100 nm) 

in aqueous solutions containing excess amount of imidazole linker. High imidazole to 

metal ion molar ratio leads to smaller ZIF-8 crystals since the crystal growth was 
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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 ZIF-8 from recycled the mother liquors 

(Keser Demir et al. 2014). Following 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 recycled for the synthesis of new generation of ZIF-8 crystals. 

Three different procedures have been developed to recycle the mother liquor. In the 

first one, only initial amount of Zn2+ was added to one-day aged mother liquor. In the 

second one, the pH of the mother liquor was firstly increased from 7 to 9 by adding 

NaOH, and then consumed amount of Zn2+ was added. In the last one, procedure two 

was followed but the initial amount of Zn2+ was added to the mother liquor instead of 

consumed amount. The recycling process 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 

recycling the 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 ZIF-7) were selected considering the type of reactants (type 

of metal ion and imidazolate linker) and solvents (water or organic solvents) necessary 

for the crystallization. ZIF-8, ZIF-L, and ZIF-67 have been synthesized in aqueous 

solutions with HMIM (2-methylimidazole), whereas ZIF-7 was prepared in DMF 

(dimethylformamide) by using Bim (benzimidazole) as imidazole linker. Zinc nitrate 

hexahydrate (Zn(NO3)2.6H2O) was used for ZIF-8, ZIF-L and ZIF-7, on the other hand 

cobalt nitrate hexahydrate (Co(NO3)2.6H2O) was used for ZIF-67. All these ZIFs were 

synthesized from fresh solutions 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 species and organic solvents will be recycled 

with a small amount of make-up 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 carried out and published in order to synthesized ZIF-8, 

ZIF-L, ZIF-67 and ZIF-7 (ķahin, F.; Topuz, B.;Kalēp­ēlar 2018). ZIF-71 crystals were 

synthesized after publishing this article.  They only used for as a filler to synthesized 

ZIF-71/PDMS mixed matrix membrane that mentioned in Chapter 4.   

 

3.2 Experimental Study 

3.2.1 Materials 

Zinc nitrate hexahydrate (Zn(NO3)2.6H2O), 2- methylimidazole (Hmim) 

(C4H6N2), methanol, N,N-dimethyl formamide (DMF), sodium hydroxide (NaOH), 

potasyum hydroxide (KOH), zinc acetate, 4,5-dichloroimidizole and benzimidazole 

(Bim) were purchased from SigmaïAldrich. Cobalt nitrate hexahydrate  

(Co(NO3)2.6H2O) was obtained from MCB. All chemicals were used as purchased.  

 

3.2.2 Synthesis of ZIFs Crystals from Fresh Solution 

ZIF-8 synthesis was carried out by using water as solvent at room temperature. 

In a typical synthesis, 2.34 g Zn(NO3)2 was dissolved in 16 g deionized (DI) water; 

and 45.4 g  Hmim was dissolved in 160 g DI water. Both solutions were mixed to 

obtain crystal mixture with a molar composition of Zn2+: Hmim: H2O=1:70:1243. The 

crystallization mixture was stirred 30 minutes at room temperature (23 Ñ2 oC). The 

product, named as ZIF-8.0, was recovered by centrifugation (at 2655 relative 

centrifugal force (RCF) for 30 min) and rinsed with methanol. This purification step 

repeated twice. The product was dried at 80 oC overnight.  

The synthesis of ZIF-L was carried out from fresh solution with a molar 

composition of Zn2+: Hmim: H2O=1:8:2240 as follows (R. Chen et al. 2013) . The zinc 

nitrate solution (0.59 g of Zn(NO3)2 in 40 g DI water) and imidazole solution (1.3 g of 

Hmim  in 40 g DI water) were prepared separately and then mixed. After 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 ZIF-L.0, was dried at 70 oC overnight. 
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ZIF-67, called as ZIF-67.0, 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 composition of Co2+: Hmim: H2O =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. Afterwards, the product was dried at 70 oC 

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 was Zn2+: Bim: DMF=1:6:1277 . The 

synthesis was carried out at 50 oC for 46 h. The synthesis mixture was centrifuged (at 

2655 RCF for 10 min) to recover ZIF-7 which was then washed with methanol three 

times. The ZIF-7 protected from fresh solution was called as ZIF-7.0.  

ZIF-71 was synthesized by following the reported procedure (Y. Li, Lik H 

Wee, Martens & Ivo F J Vankelecom 2014). Zinc acetate (0.73 g) and 4,5-

dichloroimidizole (2.2 g) in 150 ml of methanol were prepared separately. The 

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 methanol. Finally, ZIF-71 crystals recovered by 

centrifugation. 

 

3.2.3 Synthesis of ZIFs Crystals from Recycled of Mother 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 adding NaOH or KOH, metal ion, and imidazole to the mother 

liquor. The amount of chemicals added to the ML is shown in Table 9 for each type 

of ZIF and for each recycling. Table 10 presents the molar ratio of synthesis solution, 

ML and modified ML based on metal salt/organic ligand/solvent. The crystallization 

time, temperature, centrifugation conditions and the molar compositions of synthesis 

solutions were also shown in Table 10. In those tables ZIF-X.0, ZIF-X.1 and ZIF-X.2 

denote the crystals synthesized from 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 with first ML. 

 

Table 9. 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 temperature overnight. 

 

Sample 

Name 

Metal 

ion (g) 
  

Organic 

Linker (g)  

 

Solvent 

(g)  

 

NaOH g or KOH h 

(g) 

Mother 

Liquor (g) 

Aging 

ZIF-8.0 2.34 a 45.4 c 176 e x x x 

ZIF-8.1 x x x 0.44 g 221.82 ã 

ZIF-8.2 1.81 a x x x 220.64 x 

ZIF-L.0 0.59 a 1.3 c 80 e x x x 

ZIF-L.1 0.337 a x x 0.132 g 81.19 ã 

ZIF-L.2 0.463 a 0.435 c x x 81.09 x 

ZIF-67.0 2.704 b 44.24 c 184 e x x x 

ZIF-67.1 x x x 0.49 g 229.27 ã 

ZIF-67.2 1.90 b x x x 229.04 x 

ZIF-7.0 1.269 a 3.231 d 398.16 
f 

x x x 

ZIF-7.1 0.52 a x x 0.243 h 401.5 ã 

ZIF-7.2 0.53a 0.625d x x 401.3 x 

 

(a) Zn(NO3)2.6H2O or (b) Co(NO3)2.6H2O;  (c) Hmim or (d) Bim;   (e) Water or (f) 

DMF  

 

3.2.4 Characterization of ZIFs 

Phase identification was carried out by Bruker X-ray diffractometer operating 

at 40 kV and 40 mA with Cu KŬ radiation. The relative crystallinities were calculated 

based on the peaks of ZIFs at Bragg angles between 7 and 25o. For each type of ZIF, 

the one produced from fresh synthesis solution (ZIF-X.0) was designated as the 

reference with 100% crystallinity and the relative crystallinities of all other samples 
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were determined with regard to the reference sample (Park et al. 2006; R. Chen et al. 

2013; Gross et al. 2012). 

 

Table 10. 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 balance 

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

ion: organic ligand: solvent 

 

Sample Crystallization Centrifugation  Synthesis 

 solution 

Mother  

liquor  

Modified 

mother 

liquor 
 name t (h) T (oC)   period (min)  

ZIF-8.0 

0.5 23 

30 1:70:1243 1:222:4015 1:222:4015 

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

ZIF-8.2 30 1:70:1275 1:162:3070  

ZIF-L.0 

4 23 

45 1:8:2240 1:36:13562 1:8:3045 

ZIF-L.1 70 1:8:3045 1:25:10287 1:8:2240 

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

67.0 

6 23 

30 1:58:1100 1:166:3236 1:166:3236 

ZIF-

67.1 45 1:166:3236 1:198:3875 1:58:1116 

ZIF-

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

ZIF-7.0 

46 50 

10 1:6:1277 1:11:2594 1:6:1420 

ZIF-7.1 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 the ratio 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 ZIF-8, ZIF-L, ZIF-67 and ZIF-7 are  Zn6N24C48H60 (Keser Demir 

et al. 2014) , C10H16N5O3/2 Zn (R. Chen et al. 2013), Co6N24C48H120  and  

C56H64N16O12Zn4 (Park et al. 2006) , respectively.   

Crystal morphology and size was determined by using QUANTA 400F Field 

Emission series scanning electron microscopy. The average particle size was 
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determined by counting at least 50 particles on each SEM image. For particle size 

determination, three samples synthesized at different times were used. This approach 

was followed for all samples. Thermal behavior of ZIFs was determined by TGA 

(Shimadzu DTG-60H) with a heating rate of 10oC/min under a continuous-flow of air 

between 40 and 800 oC. The N2 adsorption-desorption isotherms were obtained by 

using Micromeritics Tristar II instruments at 77 K. The CO2 adsorption-desorption 

isotherms were obtained by the same instrument at 0 oC. The ZIF-8, ZIF-L, ZIF-67 

and ZIF-7 were degassed at 135 oC (24 hours), 110 oC (24 hours), 200 oC (24 hours) 

and 150 oC (16 hours) in vacuum, respectively.  

 

3.3 Results and Discussion 

3.3.1 Synthesis of ZIFs from Fresh Crystallization Solution 

ZIF-8.0, ZIF-L.0, ZIF-67.0 and ZIF-7.0 were synthesized using molar ratios 

given in the literature (Pan et al. 2011; R. Chen et al. 2013; Qian et al. 2012; Liu et al. 

2011). XRD patterns of the as-synthesized ZIFs from fresh solutions are shown in  

Figure 15, which also includes the patterns from the literature as reference. The 

relative intensities and the peak positions of each sample match well with the 

corresponding reference (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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Figure 15. XRD patterns of ZIFs produced from fresh synthesis solution; (a) ZIF-8.0 

(b) ZIF-L.0 (c) ZIF-67.0 (d) ZIF-7.0 (e) ZIF-71.0. The red line shows the reference 

patterns.  

 

3.3.2 Synthesis of ZIFs from Recycled Mother L iquor 

Recently, Pan et al.(Pan et al. 2011) has shown the synthesis of ZIF-8 in water, 

which is an environmental friendly and cheaper solvent than organic solvents. 

However, the molar ratio of Hmim/Zn2+ is significantly higher in the water route (Pan 

et al. 2011) than in the methanol route (Keser Demir et al. 2014; Surendar R. Venna 

et al. 2010). If the molar ratio of Hmim/Zn2+ is reduced, other types of ZIF crystals 

such as ZIF-L are obtained. Therefore, recycling is essential for efficient and 

environmental friendly synthesis of not only ZIF-8 but 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 called ZIF-7. It is crucial to reuse this solvent to 

synthesize ZIF-7 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 section. Figure 16 presents the XRD patterns for ZIF crystals 
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produced from fresh solution (ZIF-X.0), the first recycled mother liquor (ZIF-X.1) and 

the second recycled mother liquor (ZIF-X.2). All patterns obtained from the recycled 

solutions perfectly matched with the pattern of respective ZIF obtained from the fresh 

solution.  
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Figure 16. XRD patterns of ZIFs synthesized from fresh solutions and mother liquors 

(a) 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 ZIF-X.2 synthesis from second mother 

liquor.  
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To show the reproducibility of synthesis and recycling process, each type of ZIF 

was synthesized at least five times 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 ZIFs. X-Ray diffraction of ZIF that were synthesized 

from different batch is given in Appendix Part A (A1- A4).   

The relative crystallinities of ZIF-X.1 and ZIF-X.2 are calculated with 

reference to the crystallinity of ZIF-X.0, which is assumed to be 100 % (Table 11). 

All results are given in Appendix Part B (B1-B4).  The crystallinity of ZIF-8.1 and 

ZIF-67.1 dropped to 70% and 63%, respectively. ZIF-8.1 and ZIF-67.1 were 

synthesized in the solutions with Zn+2:Hmim ratio of 1:222 and 1:166 respectively. In 

addition, the synthesis mixtures were diluted with solvent after first recycling such 

that the Zn+2:H2O ratio was 1:4015 for ZIF-8 and 1:3236 for ZIF-67 (Table 10). The 

lower crystallinity of ZIF-X.1 can be attributed to decrease in the relative amount of 

metal ions and to dilution of synthesis medium. The addition Zn(NO3) to the second 

ML have endorsed the crystallization so that ZIF-8.2 and ZIF-67.2 had more 

crystallinity than ZIF-8.1 and ZIF-67.1.   
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Table 11. The yield and crystallinity ZIFs obtained from fresh and recycled mother 

liquors 
 

 

 

For recycling of ZIF-7 and ZIF-L, 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 dilution (Table 10). Apparently, the metal: organic linker ratio has 

more impact on the crystallization. Therefore, no considerable change was observed 

in the crystallinity of ZIF-L with increasing the number of recycling while a slight 

increase was observed for ZIF-7.   

Though, the recycling had a strong influence on the yield, which was 

calculated by assuming that all solid recovered from the synthesis mixture is ZIF, 

which was also supported by XRD patterns. Calculated yield of each crystallization 

reaction is given in Appendix Part C (C1- C4).  The yield obtained from the 

crystallization in fresh solution was always higher than the crystallization in first and 

second ML. For 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 first recycled ML 

due to substantial depletion of Zn2+ in the synthesis solution. Prior to synthesis from 

ZIFs crystal Yield (%) Crystallinity (%)

ZIF-8.0 68 Ñ 2 100

ZIF-8.1 35 Ñ 7 70 Ñ 4

ZIF-8.2 62 Ñ 3 85 Ñ 17

ZIF-L.0 84 Ñ 1 100

ZIF-L.1 70 Ñ 2 90 Ñ 4

ZIF-L.2 26 Ñ 8 96 Ñ 9

ZIF-67.0 66 Ñ1 100

ZIF-67.1 17 Ñ 3 63 Ñ 11

ZIF-67.2 27 Ñ 4 74 Ñ 13

ZIF-7.0 51 Ñ1 100

ZIF-7.1 35 Ñ5 125 Ñ 17

ZIF-7.2 19 Ñ1 117 Ñ 14
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second recycled ML, Zn+2 was added to the mother liquor, and as expectedly, the yield 

increased to 62 %. On the other hand, the yield decreased constantly for other types of 

ZIFs. No more recycling was performed after the 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 of the different types of ZIFs and their average particle sizes were 

shown in Figure 17 to Figure 21 and Tablo 10, respectively. All ZIFs exhibited their 

characteristic morphology regardless of whether the fresh or recycled solution was 

used for synthesis. ZIF-8 crystals synthesized in the fresh solution had hexagonal 

facets ( Figure 17) with an average size of 77 nm. Synthesis from recycled solutions 

resulted in a small change in the average particle size. In all samples, ZIF-8 crystals 

exhibited a narrow distribution, which is in a good agreement with several reports 

using the same preparation protocol of fresh solution (Pan et al. 2011). 

ZIF-L had two dimensional leaf-shaped-morphology as reported previously 

(Figure 18) (Low, Razmjou, et al. 2014; Q. Liu et al. 2014; R. Chen et al. 2013). There 

are bright lines are seen in SEM image since some ZIF-L crystals are standing upright 

or fractured . Aspect ratio of ZIF-L.0, ZIF-L.1 and ZIF-L.2 is approximately 2 (Table 

12) which was similar to ZIF-L crystals prepared by Chen et al. (R. Chen et al. 2013), 

who produced crystals with a length and width of 5ɛm x 2ɛm. On the other hand, the 

thickness of ZIF-L crystals, which is approximately 150Ñ39 nm, is very small 

compared to its length and width. Those particles are semi-transparent hence; the 

underneath ZIF-L particles can also be seen in the SEM images.  

ZIF-67 had polyhedral shape (Qian et al. 2012; H. Li, Hong Ma, Wang, Jin 

Gao, et al. 2014) (Figure 19) and exhibited a tendency to aggregate into larger 

particles. The average crystal size of ZIF-67.0 was 281 nm and considerably increased 

with recycling. The SEM pictures show that the ZIF-7 particles have a well-defined 

shape and narrow size distribution (Figure 20) . The average particle size was around 

65 nm for ZIF-7.0, and much larger particles were obtained by synthesis in the 

recycled ML.  
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Table 12. The average particle size based on SEM images and BET-equivalent surface 

area of ZIFs obtained from fresh and recycled mother liquors. 

 

 

 

The morphology of ZIF-71 crystals that are cubic-shaped had determined via 

SEM images (Figure 21). The average particle size of ZIF-71 is nearly 2.08 ɛm with 

a standard deviation of 1.85 ɛm.  

 

ZIFs crystal Average particle size BET surface area (m
2
/g)

ZIF-8.0 77 Ñ 4 nm 1424

ZIF-8.1 79 Ñ 19  nm 1293

ZIF-8.2 98 Ñ 4 nm 1383

ZIF-L.0 3.68 Ñ 0.98 x 1.56 Ñ 0.41 Õm289

ZIF-L.1 3.77 Ñ 1.45 x1.70 Ñ 0.45 Õm263

ZIF-L.2 2.03 Ñ 0.71 x1.02 Ñ 0.2 Õm301

ZIF-67.0 281 Ñ 24 nm 1329

ZIF-67.1 560 Ñ 37 nm 1090

ZIF-67.2 452 Ñ 44 nm 1322

ZIF-7.0 65 Ñ 3 nm 75

ZIF-7.1 220 Ñ 26 nm

ZIF-7.2 173 Ñ 21 nm

ZIF-71.0 2.08 Ñ 1.85 ɛm650
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Figure 17. SEM images of ZIF-8.0, ZIF-8.1 and ZIF-8.2, which are synthesized from 

fresh solutions and mother liquors. 

ZIF-8.0 

ZIF-8.1 

ZIF-8.2 
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Figure 18. SEM images of ZIF-L.0, ZIF-L.1 and ZIF-L.2, which are synthesized from 

fresh solutions and mother liquors. 

ZIF-L.0 

ZIF-L.1 

ZIF-L.2 
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Figure 19. SEM images of ZIF-67.0, ZIF-67.1 and ZIF-67.2, which are synthesized 

from fresh solutions and mother liquors. 

 

ZIF-67.0 

ZIF-67.1 

ZIF-67.2 
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Figure 20. SEM images of ZIF-7. ZIF-7.0, ZIF-7.1 and ZIF-7.2, which are synthesized 

from fresh solutions and mother liquors. 

ZIF-7.0 

ZIF-7.1 

ZIF-7.2 
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Figure 21. SEM images of ZIF-71.0 

 

ZIF-8, ZIF-L and ZIF-67 showed Type I-N2 adsorption isotherms at 77 K with 

no hysteresis, which is characteristic to microporous materials (Figure 22 a,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 N2 adsorption capacity was approximately 480 cm3STP/g, 

100 cm3STP/g and 440 cm3STP/g for ZIF-8, ZIF-L and ZIF-67 regardless of the 

synthesis method. 

Li et al. reported that N2 adsorption capacity of ZIF-7 was nearly 150 cm3 

STP/g, whereas Bergh et al.(Bergh, Johan; G¿c¿yener, Canan;Pidko, Evgeny;Hensen, 

Emiel;Gascon, Jorge;Kapteijn 2011) and Thompson et al.[22] observed no N2 

adsorption on ZIF-7 due to its small pore opening. In the present study, the volume 

adsorbed was approximately 50 cm3 STP/g for ZIF-7.0 and almost no adsorption was 

observed on ZIF-7.1 and 7.2 (Figure 22. d). Therefore, ZIF-7 was also characterized 

by CO2 adsorption at 273 K  ( Figure 23). CO2 adsorption isotherm of all samples were 

similar to those reported by Wu et al. (Wu et al. 2006) , and Wang et al (Wang et al. 

2014). All isotherms clearly illustrated that ZIFs produced from fresh and recycled 

mother liquors have similar pore structure.  
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Figure 22. N2 adsorption/desorption isotherms of (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. CO2 adsorption/desorption isotherms of ZIF-7.0, ZIF-7.1 and ZIF-7.2, 

which are synthesized from fresh solutions and mother liquors. 

 

BET equivalent surface area of ZIFs are shown in Table 12. ZIF-8 samples have BET 

equivalent surface area of approximately 1300 m2/g, which is in good agreement with 

the literature (Keser Demir et al. 2014; Pan et al. 2011; Kida et al. 2013). Surface area 

of ZIF-8 synthesized in aqueous system is reported between 1079 m2/g and 1500 m2/g 

(Gross et al. 2012; Kida et al. 2013; Keser Demir et al. 2014). In the literature, ZIF-L 

with a BET equivalent surface area of 160-250 m2/g (Q. Liu et al. 2014; R. Chen et al. 

2013)  were reported. ZIF-L particles synthesized in the current study has a BET 

equivalent surface area of 290 m2/g, which is slightly greater than the values in the 

literature. Our BET equivalent surface area results showed that surface area of ZIF-67 

samples are over 1200 m2/g. In the literature, BET equivalent surface area of ZIF-67 

was reported in a very wide range from 316 m2/g to 2380 m2/g (Qian et al. 2012; H. 

Li, Hong Ma, Wang, Jin Gao, et al. 2014; Lin & Chang 2015a; Gross et al. 2012). Due 

to low adsorption capacity of ZIF-7.0 for N2, the BET equivalent surface area was 

found as only 75 m2/g. As synthesized ZIF-71 crystals, N2 adsorption capacity was 
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approximately 220 cm3 STP/g and it showed Type-I adsorption isotherms with no 

hysteresis at 77 K. 

Figure 24 shows the TGA curves of ZIFs. All thermograms exhibited 

approximately 10% weight-loss at low temperatures, which was often attributed to the 

removal of solvent, either water or DMF (Keser Demir et al. 2014; R. Chen et al. 2013; 

Q. Liu et al. 2014; Lin & Chang 2015b). Between 400 and 600oC, a sharp decrease in 

the weight was observed for ZIF-8, ZIF-67 and ZIF-7 due to the decomposition of 

organic framework. The residue was about 30% for these types of ZIF. The residue is 

expected to be ZnO for ZIF-8 and ZIF-7 (Pan et al. 2011; Keser Demir et al. 2014), 

and Co3O4 (Gross et al. 2012) for ZIF-67 with a theoretical amount of 36%, 23 % and 

32% respectively. TGA curves for ZIF-L (Figure 24.b ) displayed a step-wise decrease 

under air flow, a similar trend had been reported by Chen et al. (2013) and Liu et al. 

(2014). Weight loss is approximately 12% up to 280 oC that can be ascribed to the 

removal water from ZIF-L and desorption of unreacted ligand (e.g. Hmim) (Q. 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 be ZnO (R. Chen et al. 

2013).  
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Figure 24. TGA curves (a) ZIF-8 (b) ZIF-L (c) ZIF-67 (d) ZIF-7 (e) ZIF-71 

synthesized from fresh solutions and mother liquors. 
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Figure 24.e shows the TG curve of ZIF-71 crystals. There is no weight loss 

between 40 oC and 200 oC which ruling out the absence of liquid in the pore. This is 

an evidence of the hydrophobic properties of ZIF-71. A residual mass of 4.8 % 

corresponds to the decomposition of ZIF-71 crystals structure with results in the 

formation of ZnO.  

 

3.3.3 Assessment of the Recycling Procedures  

 The pH of the synthesis medium was monitored as a function of synthesis time 

during the synthesis of ZIF-8, ZIF-L and ZIF-67, which were carried out in aqueous 

solutions (Figure 25) . The representative reactions for the synthesis of those ZIFs and 

ZIF-7 are shown below.   

 

ZIF-8 :   ὤὲὔὕ   ȢφὌὕ  ὅὌὔ ᴼ :Î-Å)-  Ὄ  ὔὕ  Ὄὕ 

 

ZIF-L : ὤὲὔὕ   ȢφὌὕ  ὅὌὔ ᴼ :Î-Å)-Ȣ Ὄ  ὔὕ   Ὄ ὕ 

 

ZIF-67 : ὅέὔὕ   ȢφὌὕ  ὅὌὔ ᴼ #Ï-Å)-  Ὄ  ὔὕ   Ὄὕ 

 

ZIF-7 : ὤὲὔὕ   ȢφὌὕ  ὅὌὔ ᴼ :Î0È)- Ὄ  ὔὕ Ὄὕ 

 

 All reactions are anticipated to produce nitric acid so that the pH of the medium 

decreases as the crystallization proceeds. Figure 25 shows the change of pH through 

the course of crystallization. This decrease was particularly clear in the synthesis from 

the fresh solutions.   

Organic linkers may exist in two forms during the crystallization: a linker unit 

in its deprotonated form and a stabilizing unit in its neutral form (Cravillon et al. 2012). 

Those coexist in the reaction medium at equilibrium. The concentration of 

deprotonated linker decreases with the pH of synthesis solution (Surendar 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 H+, which induces the deprotonation of excess neutral organic 

imidazole. Thus we can conclude that OH- promotes the nucleation and inspires the 

crystal growth during the synthesis from first mother liquor.   
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Figure 25. pH change of fresh solution during the course of crystallization of ZIFs in 

fresh and recycled solutions (a) ZIF-8 (b) ZIF-L (c) ZIF-67. 
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On the other hand, neither NaNO3 nor KNO3 salts was observed in the solid 

samples from XRD patterns, probably, they remained dissolved in the synthesis 

solution.   

The pH change of ZIF-7 was not measured since the reaction was carried out 

in DMF. Though, the same pH adjustment procedure was applied to its mother liquors 

and ZIF-7 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 desirable properties. 

The XRD patterns of samples obtained by recycling processes showed that no 

amorphous or any other phases exists, besides the relative crystallinities of the samples 

are comparable to those synthesized from fresh solutions. The SEM images show pure 

crystals with well-defined shapes in all steps of the recycling procedure. Moreover, 

the BET equivalent surface area and thermal stabilities of all recycle products are very 

similar to those obtained from the fresh synthesis solutions.   

The developed procedures introduce many advantages in ZIF production from 

the standpoint of production efficiency and environment. Table 13 shows the amount 

of ZIF produced per amount of organic linker. For example, 0.16 g of ZIF-7 was 

produced from 1 g of BIM after synthesis from fresh solution. Following the recycling 

procedure, 0.36 g of ZIF-7 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 added to 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 throughout the process. 

 

 

 

3.4 Conclusion 

 ZIF-8, ZIF-L, ZIF-67 and ZIF-7 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 liquor were 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 solutions. Those ZIFs 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. 

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

Total amount ZIF produced/total amount organic linker used (g/g)
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CHAPTER 4 

 

ZIF  -X /PDMS MMMs FOR SEPARATION OF SOLVENTS FROM 

NITROGE N 

 

 

4.1 Introduction  

The production in petroleum refining, food, printing, paints, gluing, 

pharmaceutical and coating process often release waste air streams containing a large 

amount of  volatile organic compounds (VOCs) (Lue, Chen, et al. 2008; Obuskovic et 

al. 2003). VOCs are highly reactive hydrocarbons. It is essential to recover the VOCs 

from waste gas streams in an industrial process due to environmental issues and 

recover high value compounds.  

Ethyl acetate (EtAc), ethanol (EtOH), isopropanol (IPA), methanol (MeOH), 

and propanol are widely used as solvents in defense, electronic, textile and rubber 

industries. One of the industries that uses large amounts of solvents is packing-printing 

industry.  EtOH and IPA are common solvents used for thinning paint.  They evaporate 

from the surface of the polymeric packing films during drying process. The solvent 

vapors should be swept away to improve the indoor air quality. The VOCs in air rather 

either disposed to atmosphere or recovered from air by adsorption-based processes 

and recycled.  

Current VOCs recovery processes are commonly based on activated carbon 

filled adsorption columns. Following the adsorption period, the columns are 

regenerated by increasing temperature, decreasing pressure or using high flux 

sweeping gases (mostly nitrogen). The VOCs swept from the adsorption column cool 

down to condense and fed to the distillation processes to separate the VOC mixture 

into its components.  Nevertheless, condensation in solvent ï recovery process is an 

expensive step because it often requires cryogenic temperatures due to low partial 

pressure of VOCs in N2. The efficiency of solvent recovery processes can be enhanced 
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by increasing the partial pressure of VOCs. Membrane-based separation process is an 

effective way to increase the VOCs partial pressure in nitrogen. It is also an 

environmentally friendly and cost-effective method.  

 Mixed matrix membranes (MMMs) have many advantages such as combining 

desirable properties of polymers ï economical, easy scalability and fabrication - and 

high selectivity of inorganic filler materials (Chung et al. 2007; Fang et al. 2015a). In 

most cases, polydimethylsiloxane (PDMS) based membranes are preferred due to high 

selectivity and permeability for VOCs over non-condensable gases such as O2 and N2  

(Yeom et al. 2002a; Obuskovic et al. 2003; Baker 2006). In addition , PDMS has 

connatural characteristic features like high resistance to weather and ozone, constant 

thermal properties, and hydrophobic nature. 

Zeolitic imidazolate frameworks (ZIFs) are crystalline microporous materials 

with a large surface area, chemical and thermal stability (Surendar R Venna et al. 

2010; Keser Demir et al. 2014) besides they exhibit high compatibility with rubbery 

membranes owing to their organic backbone. These properties make them attractive 

candidates for the selective separation process.  

PDMS can easily swell in the presence of VOCs that enhance permeability. 

Therefore, PDMS based-membranes have analyzed for allocation of VOCs from waste 

gas streams by many researchers. ZIF-8/PDMS MMMs were synthesized to separate 

propane from N2 (Fang et al. 2015a). The propane/N2 selectivity of 10 wt % 10 ZIF-

8/PDMS membrane was higher by 38 % than that of pure PDMS membrane. However, 

the research on the preparation of ZIF/PDMS membranes for separation of VOCs from 

N2 is very limited and required further investigation. The MMMs used for vapor 

separation are usually prepared using rubbery polymers and zeolite like zeolite A and 

silicate (Birg¿l Tantekin-Ersolmaz et al. 2001; Chandak et al. 1998; Kim et al. 2009) 

as fiilers. In recent years, metal organic frameworks (MOF) and ZIFa as a subset of 

MOF are often used in preparation of MMMs.  

In this study, PDMS based MMMs that selectively permeate solvent vapors 

(VOCs) over nitrogen and water vapor were developed. VOCs concentration at the 

permeate will be higher and condensable at temperature over 0oC. As a result, the 
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condensation in the solvent recovery process is expected to economically more 

feasible.  

 

4.2 Experimental 

4.2.1 Materials 

4,5-dichloroimidizole, benzimidazole (Bim), 2- methylimidazole (Hmim) 

(C4H6N2), N,N-dimethyl formamide (DMF), sodium hydroxide (NaOH), potasyum 

hydroxide (KOH),  methanol (MeOH), hexane and benzimidazole (Bim) were 

purchased from SigmaïAldrich. Zinc nitrate hexahydrate (Zn(NO3)2) and that were 

purchased from Acros respectively. Cobalt nitrate hexahydrate (Co(NO3)2.6H2O) was 

obtained from MCB. All chemicals used as purchased while synthesizing ZIF crystals. 

Polydimethylsiloxane (PDMS) purchased from Dow Corning and used as 

received. Polyethersulfone (PES) ultrafiltration support membrane, NADIRÈ RM 

UP150 P,   was purchased from Microdyn-Nadir. Nitrogen (N2, 99.999 vol %) was 

also used in the separation processes. 

 

4.2.2 Synthesizes 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 procedure reported by Y. Li, Lik H 

Wee, et al. 2014 . Zinc acetate (0.73 g) and 4,5-dichloroimidizole (2.2 g) in 150 ml of 

methanol were dissolved separately. The zinc acetate solution was added over 

imidazole solution at room temperature under vigorous mixing. The crystallization 

mixture was then stirred for 30 minutes and kept without mixing for 24h at room 

temperature. After removing methanol with pipet , crystal precipitation were sucked 

in chloroform for two days to remove remaining methanol.  Finally, ZIF-71 crystals 

recovered by centrifugation. 

 Pore size, zeolite topology and unit cell formula of the ZIFs are represented in 

Table 14. 
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Table 14. Pore size, topology and unit cell formula of ZIFs 

 

 

 

4.2.3 Membrane Preparation  

In the present study, all ZIF- X /PDMS MMMs were prepared with 20 wt % 

loading of ZIF- X ( X: ZIF-8, ZIF-L, ZIF-67, ZIF-7, and ZIF-71). The ZIF-X loading 

of a membrane was defined as mass fraction ZIF-X in the PDMS.  

PDMS has two portion: pre-polymer and cross-linker agent (CA). Firstly, 1 g 

ZIF-X and 4 g pre-polymer were dissolved in 16 g hexane. Hexane was used to 

decrease viscosity of pre-polymer thus; ZIF-X could dispersed in pre-polymer. The 

mixture was stirred overnight at room temperature to obtain a homogenous mixture. 

While stirring, hexane evaporated and removed from the pre-polymer and ZIF-X 

mixture. The cross-linking procedure was inhibited in the presence of hexane. After 

removing hexane, 0.4 g CA was added to the mixture. The resulting solution was 

stirred for 3 hours at 35 o C. The air bubbles were removed from final solution by 

vacuum evacuation. The solution was casted on PES ultra-filtration membrane at room 

temperature. The membrane dried at room temperature overnight and then cured at 

130 o C for 6 hours.  The membrane thicknesses, which were measured by a 

micrometer, were between 17 and 75 Õm.  

Pure PDMS membranes were synthesized by following a procedure similar to 

ZIF- X/PDMS MMMs without adding any ZIF crystals.  

Pore Size (nm) Zeolite code Unit Cell Formula

ZIF-7 0.29 SOD Zn (PhIM)2

ZIF-8 0.34 SOD Zn (MeIM)2

ZIF-67 0.34 SOD Co (MeIM)2

ZIF-71 0.42 RHO Zn(dcIM)2

ZIF-L 0.34 Semi-SOD Zn (MeIM)2.5
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4.2.4 Characterization 

ZIFs were characterized by Philips PW 1840 X-ray diffractometer (XRD) 

operating at 40 kV and 40 mA with Cu KŬ radiation. The N2 adsorption-desorption 

isotherms of ZIFs were obtained by using Micromeritics TriStar-II  3020 instruments 

at 77 K. Before test, ZIFs were evacuated as describe Chapter 3, section 3.2.4. 

Scanning electron microscopy (SEM) micrographs of ZIFs and membranes were 

obtained by using QUANTA 400F. Thermogravimetric analysis (TGA) of ZIFs and 

membranes were made with Shimadzu DTG-60H with a heating rate of 10oC/min 

under a continuous-flow of air.  

 

4.2.5 Membrane Permeation Test  

The membrane permeation test of single gas and VOCs/N2 mixture were 

performed a set up schematically shown in Figure 26. Membrane sealed in the 

membrane module had an effective membrane area for permeation was 12.5 cm2.  The 

membrane module was in an oven to keep temperature constant throughout the test. 

The total feed rate was adjusted as 22 ml/min with a mass flow controller 1. There 

were two mass flow controllers (MFC) in the set up and their calibration curves are 

given in Appendix Part D. The feed pressure was modulated with backpressure valve 

1. A vacuum was applied before each experiment to clear out.  

Single gas (N2 or CO2) permeation test utilizing a constant pressure ïvariable 

volume method. The flow rate of the permeate gas was measured by a soap flow meter. 

CO2 permeation test was performed at 2 bar and 35 oC , whereas N2 permeation test 

was performed at  different pressures (0.5 bar - 4 bar) and temperatures (35 oC- 90 oC). 

Permeability (J) was calculated by Equation 6 where Q is the volumetric flow rate; æP 

is transmembrane pressure; A is effective membrane area and Қ is the thickness of the 

membrane.  

ὐ  
ὗ Љ

ὃ Ўὖ
   Ὁή φ 
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Figure 26. Schematic representation of VOCs permeation system  

 

The feed that was a mixture of VOCs and N2 were generated by bubbling 

nitrogen at 2 bar through a solvent tank with a flow rate of 22 ml/min. Three way-

valve 1 was turned to the side of three way-valve 2 to analyze VOCs and N2 

concentration in the feed.  If VOCs concentration in the feed was high, MFC2 was 

opened to dilute it. Composition of the feed was evaluated via gas chromatography 

(GC). GC calibration curve of VOCs and N2 are given in Appendix Part E. The 

detector of GC , Varian Capillary Column CP-Wax 57 CB,  was maintained at 190 o 

C. Helium was used as a vector gas. 

Three way-valve 1 was turned to the side of membrane module after adjusting 

feed composition. The feed was conducted with the membrane while a vacuum was 

applied on the permeate side. The VOCs permeated through the membrane were 

collected in a cold trap and then weighed using a digital balance. Each test took 2 

hours, so that the mass flow rate of VOCs could been calculated at the end of each 

experiment.  
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VOCs permeability was calculated with Equation 7 where Ji is the 

permeability, Q is the volumetric flow rate of VOCs at permeate side , yi the mole 

fraction of component i in the permeate side , A is the effective membrane area, and 

æPi is the partial pressure difference of component i across the membrane. Ўὖ

ὖὼ  ὖώ, where Ph and Pi are the VOCs pressure in the feed and permeate, 

respectively, and xi is the mole fraction of component i on the feed side.  

 

ὐ 
 Љ   

 Ў
  Ὁή χ    

 

N2 permeability values were calculated with respect to VOCsô ones. The 

calculation was done by using permeate side composition of VOCs and N2 that were 

obtained via GC analysis. The permeability was expressed in the unit of Barrer (1 

Barrer = 1*10-10 cm3 cm cm-2 s-1 cmHg-1). 

The membrane performance was also characterized in terms of selectivity. 

Throughout the test, composition of permeate and retentate side were analyzed by GC. 

The molar composition of N2: VOCs was used to calculate VOCs/N2 selectivity with 

Equation 8.  

ɻϳ  %Ñ ψ      

 

4.3 Results and Discussion 

4.3.1 ZIFs characterization 

Figure 27 shows the XRD patterns of ZIFs which were synthesized based on 

the procedures described previously in Chapter 3, section 3.2.2. The reference pattern 

for each type of ZIF is also shown as bar graph in the figure. The peak positions and 

intensities match completely with the corresponding reference patterns ( ZIF-8 : (Park 

et al. 2006) ; ZIF-67 (Gross et al. 2012) ; ZIF-71 (Yin et al. 2017); ZIF-7 (Park et al. 
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2006); ZIF-L (R. Chen et al. 2013)), indicating that the ZIFs were synthesized with 

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

 

 

 

Figure 27. XRD patterns of ZIFs (The bar graph bellowed each pattern represent the 

references pattern).  

 

Figure 28 shows SEM images of as-synthesized ZIFs. Each type of ZIF has its 

own characteristic morphology. ZIF-8 and ZIF-67 have hexagonal shape (Figure 28.a 

and c) (Keser Demir et al. 2014), ZIF-L has leaf-shaped morphology (Figure 28.b) (R. 

Chen et al. 2013) and ZIF-7 has cubic morphology (Figure 28.d). Lively et al. (Lively 

et al. 2011) stated that ZIF-71 has an undefined morphology although it looks like 

cubes. Ortiz  et al. (Ortiz et al. 2014) has, therefore, defined the morphology of ZIF-

71 as rhombic dodecahedron.  In our study, the shape of ZIF-71 was defined rhombic 

dodecahedron like Ortiz et al. (Figure 28.e).    
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(a) (b) 

(c) (d) 

(e) 

Figure 28. Sem image of as-synthesized 

ZIF a) ZIF-8 b) ZIF-L c) ZIF-67 d) 

ZIF-7 e) ZIF-71 
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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 particles were counted (Table 15).   The average particle size changes from 

nano- to micron sizes in a wide range, which allows us to investigate the effect of 

particle size on the membrane morphology and performance.      

The N2 adsorption isotherms of the synthesized ZIFs are depicted in Figure 29. 

ZIF-8, ZIF-L, ZIF-67 and ZIF-71 showed Type I-N2 adsorption isotherms at 77 K that 

is characteristic of microporous materials (Keser 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, ZIF-7 exhibited Type II-N2 adsorption isotherms, which is characteristic to 

non-porous materials.  Li et al. [11] suggested that ZIF-7 has Type-I isotherm, 

although Johan et al. [12] and Thompson et al. [13] has claimed that the pore aperture 

of ZIF-7 is too small so that ZIF-7 behaves like non-porous materials during N2 

adsorption at 77 K.  The N2 adsorption capacities and BET surface area of ZIFs (Table 

15) are in the range of those reported in the literature (Li et al. 2013; R. Chen et al. 

2013; Q. Liu et al. 2014; Keser Demir et al. 2014; ķahin, F.; Topuz, B.;Kalēp­ēlar 

2018; Qian et al. 2012; Gross et al. 2012; Y. Li, Lik H Wee, Martens & Ivo F J 

Vankelecom 2014).  
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Figure 29. N2 adsorption isotherms of ZIFs crystals
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4.3.2 Morphology of ZIF -X/PDMS MMMs  

 Five different types of ZIFs were chosen as filler to prepare MMMs. All 

ZIFs are hydrophobic (Keser Demir et al. 2014; R. Chen et al. 2013; Low, Yao, et al. 

2014; Li et al. 2012; Qian et al. 2012; G¿c¿yener et al. 2010; Ortiz et al. 2014), which 

may improve the compatibility between ZIFs and hydrophobic PDMS. However, they 

have different characteristic regarding their pore structure, crystal morphology, 

particle size and shape. In addition, ZIFs with two different metal ions (Zn+2 and Co+2) 

and three different organic ligand sources (Hmim, Bim and 4,5-dichloroimidazole) 

were used for membrane preparation. Hence, ZIFs with different diffusion and 

adsorption characteristics were used to prepare ZIF-X/PDMS MMMs for the 

separation of organic vapors from nitrogen.  

The cross-sectional SEM image of a pure PDMS membrane is shown in Figure 

30. All membranes cast on commercial ultrafiltration (UF) membranes (shown with 

white dash line on the figure), which has a non-woven supporting layer with a 

thickness of 180 Ñ 5 ɛm.  A polymer intermediate layer with finger-like pores is above 

the non-woven and below the separating PES layer.  The PES separating layer, with a 

molecular weight-cut-off 15000 Da and thickness of approximately 10 ɛm, is also 

shown on Figure 30. PES UF membrane is not anticipated to contribute to the 

separation of VOC from N2 owing to its large pore size.  The pure PDMS membrane 

with thickness of approximately 15 ɛm was cast uniformly over the UF membranes as 

shown in Figure 30 by a solid vertical line. The interface between PDMS and PES 

layers, can be clearly seen on the images, suggests good adhesion between two 

polymers. 
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Figure 30.  SEM image of pure PDMS membrane 

 

Figure 31 shows the cross-sectional SEM images of 20 wt % ZIF-X loaded 

PDMS mixed matrix membranes. All MMMs were uniformly cast over UF membrane 

with a thickness of less than 60 ɛm (Table 16).  The thickness of at least two 

membranes, which were prepared at different times, were measured for each type of 

ZIF-X loaded membrane. All membranes had similar thicknesses indicating the 

reproducibility in membrane casting.  Besides the adhesion between PES and PDMS 

layers were excellent and not influenced from the incorporation of ZIFs into the 

membrane formulation. 

The SEM images (Figure 31. a - e) shows homogeneous dispersion of ZIFs 

without forming large agglomerates in the PDMS matrix.  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. 2015a) may resulted in good 

compatibility and yielded defect free MMMs.   
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Figure 31. SEM image (a) 20 % ZIF-8 PDMS MMMs (b) 20 % ZIF-L PDMS MMMs      

(c) 20 % ZIF-67 PDMS MMMs (d) 20 % ZIF-7 PDMS MMMs (d) 20 % ZIF-71 

PDMS MMMs
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Table 16. Thickness of the membrane 

 

  Thickness (ɛm) 

Pure PDMS Membrane 15.2 Ñ 1.1 

20 % ZIF-8 PDMS MMMs 27.7 Ñ 0.9 

20 % ZIF-L PDMS MMMs 58.5 Ñ 1.2 

20 % ZIF-67 PDMS MMMs 59.2 Ñ 1.2 

20 % ZIF-7 PDMS MMMs 47.0 Ñ 0.8 

20 % ZIF-71 PDMS MMMs 50.3 Ñ 0.8 

 

The dispersion of ZIF-L (20% by weight) in the PDMS was further determined 

by EDX analysis (Figure 32).  The blue dots represents Si in PDMS while the yellow 

ones are for Zn+2 ions in ZIF-L. The image shows the homogeneous dispersion of 

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

 

 

 

Figure 32. EDX Analyzed of 20 % ZIF-L/PDMS MMMs (blue dots: Si and yellow 

dots: Zn+2) 
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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 positions in a MMMs (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 SiO2 from the oxidation of PDMS and ZnO from the 

oxidation of ZIFs.  Their relative amounts, therefore, show the average dispersion of 

ZIFs throughout the polymer matrix. For this purpose, UF membrane, pure PDMS 

coated membrane and pure ZIF-X powder were analyzed to determine the amount of 

residual solids (Figure 34). No solid remained after thermal treatment of UF membrane 

at 600oC. The percentage residual (SiO2) was 18.3% after oxidizing of pure PDMS 

membrane. The percentage residual solids of pure ZIFs are shown in Table 17.  Based 

on the analysis of those materials, the expected percent residual for a MMMs can be 

predicted as follows: 

 

% residual in MMMs = (1-y)*18.3+y*(% residual of ZIF-X) 

 

where y is the percent ZIF-X in a MMM s.  For example, the percent residual of a 20% 

ZIF-L containing is expected to be 19.9 %.  Table 17 lists the predicted percent 

residuals for each MMMs. 

 

 

 

Figure 33. Schematic representation of parts that analyzed by TG 

 



  

83 

 

 

 

 

Figure 34. TGA curves of (a) ZIFs (b) Pure PDMS and PES support membrane 
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Table 17. Residual weight percentages after TGA 

 

  

Experimental  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 ZIF-8 PDMS MMMs    19.6Ñ 1.2 21.5 

% 20 ZIF-L PDMS MMMs    20.1Ñ 0.8 19.9 

% 20 ZIF-67 PDMS MMMs    17.1Ñ 0.4 21.5 

% 20 ZIF-7 PDMS MMMs    18.3 Ñ 0.7 19.3 

% 20 ZIF-71 PDMS MMMs    14.5Ñ 1.3 15.6 

 

Figure 35 shows the TGA of membrane pieces that were cut from 20% ZIF-

L/PDMS MMMs.  All membrane pieces showed very similar thermographs.   The 

average percent residual of membrane pieces was 20.1% with a standard deviation of 

0.8 %. The close average percent residual to the predicted one and small standard 

deviation indicate the homogenous distribution of ZIF-L crystals in the MMMs.  The 

TGA of other membranes also suggest similar results.  The TGA results of 20 % ZIF-

X/PDMS MMMs are given in Appendix F.  
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Figure 35. TGA curves of 20 % ZIF-L PDMS MMMsô pieces 

 

4.3.3 Nitrogen permeation through pure PDMS membrane 

The N2 permeability of pure PDMS membrane was measured at 35oC and 2.92 

bar feed pressure and compared with the PDMS permeabilities reported in the 

literature (Table 18).   The N2 permeability of the membrane prepared in 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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Table 18. Pure PDMS N2 permeability comparison with literature 

 

  

 

As the objective of this study is to develop membranes for printing industry, in 

which the temperature of VOC/N2 stream stripped from the adsorber can be as high as 

150oC and at several bars.  Figure 36 shows the effect of permeation temperature and 

pressure on the N2 permeability of pure PDMS membrane.  The N2 permeability 

increases with temperature, which is consistent with the literature (Figure 36.a).  The 

results suggest the PDMS membranes are stable at moderately high temperatures and 

can be used for VOC separation at temperatures similar to industrial VOC recovery 

process.  On the other hand, the N2 permeability was nearly independent of pressure 

(Figure 36.b). In the literature, the N2 permeability was reported to nearly independent 

of pressure (Rao et al. 2007; Choi et al. 2007; C K Yeom et al. 2000) or slightly 

increased with pressure (Shi et al. 2006). Therefore, the membranes produced 

throughout this thesis were tested at a feed pressure of 2.92 bar. 

 

T (
o
C) Permeability (barrer) Source

35 266 This work

20 200 Fang et al., 2015

28 245 Rebollar-P®rez et al., 2012 

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
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Figure 36. N2 permeability of pure PDMS membrane (a) at different temperature (Pfeed 

= 2.92 bar) (b) at different feed pressure (T = 35 oC) 
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4.3.4 Single gas permeation through ZIF-X/PDMS MMMs  

The gas separation performance of MMMs were determined by measuring 

single gas permeabilities of CO2 and N2 at 35oC and 2.92 bar before testing VOC/N2 

mixtures.  This was a quick method for determining membrane performance.  

CO2/N2 ideal selectivity value of the synthesized membranes were between 7 

and 10.5 while CO2 permeability values were between 1100 barrer and 3700 barrer 

(Figure 37).  In the literature, CO2 sorption amount of ZIFs are given as 0.75-0.87 

mmol/g; 0.90-0.94 mmol/g; 0.70-0.75 mmol/g; 2.30-2.50 mmol/g; and 0.4 mmol/g for 

ZIF-8, ZIF-L, ZIF-67, ZIF-7 and ZIF-71 respectively (McEwen et al. 2013; Cacho-

Bailo et al. 2016; Abdelhamid & Zou 2018; Pera-Titus & Farrusseng 2012; Ding & 

Yazaydin 2013; Ding et al. 2018).  According to those values, CO2 loading of ZIFs 

can be sorted as ZIF-7 > ZIF-L > ZIF-8 > ZIF-67 > ZIF-71. Despite this, it was 

observed that 20 % ZIF-71/PDMS MMMs has the highest CO2 permeability value. 

This situation may be the result of the relationship between kinetic diameter of the gas 

and aperture pore size of the ZIF. A gas molecule can diffuse thorough the pores of 

ZIFs that is larger than its kinetic diameter unless ZIFs are flexible (Zhang et al. 2013; 

Du et al. 2017). The kinetic diameters of N2 and CO2 are in order of 0.36 nm and 0.34 

nm (Du et al. 2017). The aperture sizes of ZIFs are given in Table 14. According to 

this, both N2 and CO2 can penetrate through the pores of ZIF-71, 0.42 nm. This may 

be the reason of obtaining the highest N2 and CO2 permeability values with 20 wt % 

ZIF-71 loaded PDMS MMMs. 

Pure PDMS membrane has a higher N2 and CO2 permeability than 20 % ZIF-

8/PDMS MMMs, 20 % ZIF-67/PDMS MMMs, 20 % ZIF-L/PDMS MMMs and 20 % 

ZIF-7/PDMS MMMs. Those ZIFs have smaller pore size than kinetic diameter of the 

gases. Neither N2 nor CO2 can easily diffuse through the pores of those ZIFs. The 

addition of ZIF-8, ZIF-67, ZIF-L and ZIF-7 may cause local chain rigidity and 

decrease free volume in the polymeric phase to transport (Merkel et al. 2002; G. Liu 

et al. 2014) . Besides, ZIF-L has the same pore diameter with ZIF-8 and ZIF-67 (0.34 

nm), 20 % ZIF-L/ PDMS MMMs had the lowest N2 and CO2 permeability value. This 

may be explained with orientation of ZIF-L crystals in the PDMS polymer matrix. If 

ZIF-L crystals are aligned perpendicular to the gas flow, filler arrangement in the 
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polymer matrix look like ñ brick and mortarò (Lape et al. 2004). According to SEM 

micrograph of 20 % ZIF-L/PDMS MMMs (Figure 38), ZIF-L crystals approximately 

align vertical to gas flow. Either N2 or CO2 should have to pass around the crystals. 

ZIF-L orientation may increase the pathway of the permeate gas which results in a 

higher time-lag and lower permeability value (Kim et al. 2018; Barrer et al. 1963). 20 

% ZIF-7/PDMS MMMs have the second smallest N2 and CO2 permeability values. 

The gases may difficultly permeate through the pores of ZIF-7 due to having the 

smallest pore diameter, 0.29 nm. 

 

 

 

Figure 37. N2, CO2 permeability and CO2/N2 selectivity of the synthesized membranes 

( Pure gas, Pfeed: 2.92 bar and 35 o C) 

 

20 % ZIF-L/PDMS MMMs reduced N2 permeability by % 55 according to 

pure PDMS membrane regarding to experimental data. This is the desired situation in 

this study due to aiming VOCs selective MMMs over N2.  
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Figure 38. Gas flow direction through the 20 % ZIF-L/PDMS MMMs.  

 

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

A solvent recovery process usually bases on adsorption. Activated carbon is 

used as an adsorbent (Tsai 2002). Although carbon adsorption columns are 

hydrophobic, there is still some water in the mixture of N2 and VOCs. Thus, it is 

essential to synthesize hydrophobic MMMs.  

ZIF-8, ZIF-L, ZIF-67, ZIF-7, and ZIF-71 were chosen as a filler to synthesize 

PDMS based MMMs. Both ZIFs and PDMS polymer that were used in this study have 

hydrophobic character (Keser Demir et al. 2014; R. Chen et al. 2013; Low, Yao, et al. 

2014; Li et al. 2012; Qian et al. 2012; G¿c¿yener et al. 2010; Ortiz et al. 2014; Park et 

al. 2014). These ZIFs were chosen due to their properties such as higher adsorption 

amount towards solvents vapors over N2 and abundant in organic ligands that favors 

compatible interface morphology with PDMS  without surface modification (Keser 

Demir et al. 2014; J.-T. Chen et al. 2013; R. Chen et al. 2013; Li et al. 2012; Qian et 

al. 2012; G¿c¿yener et al. 2010; Fang et al. 2015b). PDMS also shows selectivity to 

VOCs over nitrogen (Fang et al. 2015a) .  

The pure PDMS membrane was used as a reference to indicate effect of ZIF 

addition in the polymer matrix. All MMMs contain 20 % ZIF-X by weight. Each type 

of membrane was synthesized at least 3 times and two part of each membrane test 
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twice consecutively. Types of solvent and feed composition were determined with 

respect to conditions of a typical solvent recovery system in the industry. The 

membranes performance were determined by conducted the membranes a feed stream 

with a molar composition of EtOH:IPA:N2=10:10:980 at 2.92 bar and 35 oC.  

Figure 39 shows N2 and VOCs permeability of the membranes. When we 

compare pure N2 permeability value (Figure 37) with N2 permeability in the presence 

of VOCs component in feed stream (Figure 39.a), it was seen that N2 permeability 

increase in the presence of VOCs. In the literature, it was said that N2 permeability 

value depress bellow the pure N2 if there is a VOC in the feed stream (Lue et al. 2010; 

Yeom et al. 2002b). This situation was related with VOC condensability and its 

concentration in the feed (Leemann et al. 1996; Yeom et al. 2002b). Majumder et al. 

(2003) claimed that if VOCs concentration in the feed stream are too low, VOCs 

permeance will not be such a high that to press N2 permeability (Majumdar et al. 

2003). On the other hand, some researchers claimed that VOCs sorption in PDMS 

increase free volume and chain mobility of the polymer that cause the membrane 

swelling. Thus N2 permeation becomes simple and its permeance value increases (Liu 

et al. 2009; Baker 2006). In this study, EtOH and IPA had a low molar composition in 

the feed, 2%, so they were not able to reduce N2 permeability value. They might swell 

PDMS so N2 permeability value increased .  In addition, pure N2 permeability value 

was determined at a transmembrane pressure 2 bar. However, N2 permeability in 

VOCs/N2 mixture was determined under vacuum that was applied from the permeate 

side which increased transmembrane pressure. This situation might also be reason of 

higher N2 permeability in VOC2/N2 mixture than pure N2 permeability. 

EtOH vapor uptake values of ZIF-8, ZIF-67, ZIF-7 and ZIF-71 are 

approximately same, 6 mmol/g [7,24,25,43ï46] . Therefore, it was expected that 20 

wt. % ZIF-X loaded MMMsô VOCs permeability values should be closed to each 

other. However, VOCs permeability decreased with addition of ZIF-8 and ZIF-67 

while it increased in the loading of ZIF-7 and ZIF-71 (Figure 39).  This may be the 

result of a pore blockage. The soft PDMS chain segment might plug the pores of ZIF-

8 and ZIF-67 (Fang et al. 2015a). In this case, the VOCs transition through the pores 

become either slow down or stops completely. The pore blockage should not occur in 
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the pores of ZIF-71 and ZIF-7 due to having the highest and smallest pore diameter 

among the other ZIFs, respectively.  
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Figure 39. 20 % ZIF-X/PDMS MMMs performance (a) N2 permeability, VOCs 

permeability and VOCs/N2 selectivity (b) EtOH/IPA selectivity  

(Feed molar composition EtOH:IPA:N2= 10:10: 980 ; Pfeed = 2.92 bar and 35 o C) 
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ZIF-L loading enhanced VOCs permeability, 60 %, with respect to pure PDMS 

membrane. To having, the highest VOCs permeability may be the reason of a leaf 

shape morphology of ZIF-L crystals. ZIF-L has not a channel system like the other 

ZIFs, so VOCs sorption cannot take place by a gate opening mechanism (R. Chen et 

al. 2013). However, ZIF-L has more flexible pore than the other ZIFs that have the 

tetrahedral structure. The pores of ZIF-L are located between two weakly connected 

layers that VOCs can more easily diffuse through them.   

Selectivity value of pure PDMS membrane and % 20 ZIF-X/PDMS MMMs 

are given in Figure 39.a. There is a logical conformity between selectivity and 

permeability values of the same membrane. 20 % ZIF-L/PDMS MMMs display the 

best VOCs/N2 selectivity value. If 20 % ZIF-L/PDMS MMMsô selectivity value is 

compared with pure PDMS membraneôs one, it is seen that ZIF-L loading enhanced 

selectivity approximately 33 %.  

Figure 39.b shows selectivity of EtOH/IPA, which is nearly same for all types 

of the membrane. However, selectivity of VOCs between themselves is not an 

important case in this study. Because the starting point of this study was to an 

enhancement of VOCsô dew point in the feed stream before condensation units of the 

solvent recovery process. VOCs selective membrane can increase partial pressure at 

the permeate side; therefore, the recovery process will be more efficient and economic. 

The effect of different fillers on PDMS based membrane separation 

performance was determined. 20% wt ZIF-L PDMS MMMs gave the best membrane 

performance, so that rest of the study was carried out with it.  

 

4.3.6 Separation of single VOC from N2 through   20 % ZIF-L PDMS MMMs  

Several studies have been carried out to specify solvent diffusion in the 

polymer matrix. All of these studies aimed to describe the physical properties of 

PDMS networks in the presence of any solvents  (Masaro & Zhu 1999).  Nevertheless, 

it is still unpredictable. It is not easy to find an appropriate membrane for a given 

solvent, therefore, six common solvents that are mostly preferred in the industrial 

application were chosen. These were methanol (MeOH), ethanol (EtOH), 1-propanol 
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, ethyl acetate (EtAc), 2-propanol (IPA) and butanol (ButOH). Molecular weight and 

vapor pressure of the solvents are given in Table 19.  The solvent compatibility with 

PDMS polymer is determined by calculating Hansen Solubility parameter (HSP); the 

results are tabulated in Table 19.  

20 % ZIF-L/PDMS MMMs performance was tested with single solvent vapor 

and N2. For example, the feed stream molar composition was MeOH:N2=20:980. Both 

permeability and selectivity value of membranes were determined at a constant 

temperature (35oC) and feed pressure (2.92 bar). N2 permeability decreased (Figure 

40.a) in the presence of either MeOH or EtOH or IPA or 1-propanol as demonstrated 

in the literature (Cen & Lichtenthaler 1995). However, N2 permeability increased in 

the presence of either EtAc or ButOH. These solvents might cause the most swelling 

ratio of PDMS polymer matrix so that N2 permeation became simple (Baker 2006). 

PDMS solubility parameter equal to 180 MPa 0.5. The closest value to PDMS belongs 

to EtAc, 165 MPa 0.5, which means that PDMS more likely to swell in the presence of 

EtAc. If a solvent and a polymer has a close ŭ 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 polymer (Belmares et al. 

2004). According to Table 19, EtAc is once again the most compatible solvent with 

PDMS polymer to swell it. ButOH is the second most compatible solvent after EtAc 

that may cause swelling. Hence, N2  permeability increased  in the presence of EtAc 

and ButOH.
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VOCsô permeability values versus kinetic diameter of the VOCs are given in 

Figure 40.b. VOCs permeation values depend on solution affinity of VOCs on the 

MMMs and their diffusion through it (Li et al. 2009). Diffusion depends on kinetic 

diameter of the permeate molecules. As it was seen from Figure 40.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 

VOCs permeability value. On the other hand, ButOH should have the second highest 

VOCs permeability value with respect to PDMS swelling ratio. Rumens et al., had 

worked on swelling ratio of PDMS with 15 different solvents (Rumens et al. 2015). 

They found that PDMS swelling level directly depended on how closed a solvent 

solubility parameter (ŭ ) to PDMS. However, they observed that even the solvents with 

the same values of solubility parameter had the different swelling level. They 

explained that vapor pressure and molecular size of a solvent had also affected the 

swelling level. PDMS swell up much in case of a high vapor pressure of solvent. They 

added that it took longer to reach the maximum state of swelling providing that there 

was a large molecule. If diffusion of a large molecule is slower than the chain mobility 

of PDMS polymer matrix, VOCs permeance decreases. Either VOCs solubility value 

or kinetic diameter of them are not able to explain VOCs permeation through the 

membrane. 

20 % ZIF-L/PDMS MMMs showed selectivity for MeOH, EtOH, IPA, EtAc, 

ButOH, and 1-propanol (Figure 40.c). Selectivity of EtOH/N2 ; IPA/N2 ; 1-

propanol/N2 ; and EtAc/N2 are approximately same while MeOH/N2 and ButOH/N2 

are smaller than these are. This means that 20 % ZIF-L/PDMS MMMsô separation 

performance depends on the solvent type.  
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Figure 40. 20 % ZIF L/PDMS MMMs membrane performance (a) N2 permeability 

value (b) VOCs permeability value (c) VOCs/N2 selectivity  

 (Feed molar composition VOCs:N2 = 20:980; P feed = 2.92 bar and T feed = 35 oC) 

 

4.3.7 Effect of VOCs concentration on 20 % ZIF-L/PDMS MMMs performance 

20 % ZIF-L/PDMS MMMs was tested with two different feed streams that had 

a molar composition of EtOH:IPA:N2=5:5:990 and EtOH:IPA:N2 =10:10:980 at 

constant feed pressure (2.92 bar) and temperature (35oC). It is known that a rise in 

VOCs concentration in feed stream increase chain mobility of PDMS, which affects 

selectivity and permeability. 

As it seen in Table 20, only   1% decrease of VOCs concentration in the feed 

stream has a considerable change on both permeability and selectivity value. N2 

permeability value increased by % 82, at this time VOCsô permeability and Ŭ VOCs/N2 

decrease 27 % and 39.5 %, respectively. VOCs and N2 exhibit inverse effect with an 

increment of VOCs amount in the feed stream. Some researchers have focused on the 
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effect of VOCs concentration on the PDMS based-membrane performance. It was 

pointed out that the permeation and selectivity towards VOCs represented a direct 

dependency with VOCs content in feed stream (Yeom 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 permeability of VOCs would be 

high (Pinnau & He 2004). Gales et al. demonstrated that increasing the VOCs 

concentration in the feed resulted in swelling layer of the PDMS membrane so that its 

permeability towards VOCs increased (Gales et al. 2002). Even a slight change of 

VOCs concentration in the feed stream caused a very serious change in permeabilities 

and selectivity of Ŭ VOCs/N2 in this study too. This means that the membrane 

performance depends on the VOCs concentration in the feed. In view of this situation, 

very dilute VOCs/ N2 mixture were handled to prove as-synthesized membrane 

separation performance in 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 MMMs ( Pfeed = 2.92 bar and 35 oC )  

 

 

 

4.3.8 Separation of multicomponent VOCs mixture from N2 through  20 % ZIF-

L/PDMS MMMs  

In this study, the effect of a multicomponent mixture on separation 

performance of 20 % ZIF-L/PDMS MMMs was determined. The mixtures were 

prepared with EtOH, IPA, H2O, and EtAc. Firstly, the mixture of EtOH and IPA (50 

% and 50 % by mass) was tested. There will be water in the feed stream that is an 

Feed stream molar composition Selectivity

EtOH:IPA:N2 VOCs  N2 VOCs/N2

10:10:980 9874 204 48

5:5:990 7178 371 19

Permeaability (Barrer)
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inevitable event in an industrial process. In addition, EtAc is one of the most preferred 

solvent in the industrial process.  Thus, N2 /VOCs/H2O composition of the feed was 

prepared by taking into consideration those situations.  

20 % ZIF-L/PDMS MMMs was tested with 3 different feed stream at constant 

feed pressure, 2.92 bar. VOCs permeability and VOCs/N2 selectivity increased when 

EtAc mass fraction was increased. Although, single vapor/N2 selectivity value of 

EtOH/N2, IPA/N2 and EtAc/N2 were found nearly same (Figure 40.c), it was reported 

that VOCs sorption onto membrane affected by presence of others. It is not easy to 

predict an effect of multicomponent on the membrane performance until their sorption, 

diffusion, and permeation behavior is well defined (Gales et al. 2002; C. K. Yeom et 

al. 2000). 

An operating temperature of any industrial process may be high; hence, 20 % 

ZIF-L/PDMS MMMsô performance was determined at the temperature range from 35 

oC to 70 oC. An increase in the temperature leads to an inverse effect on permeability 

of VOCs and N2 (Figure 41.a). VOCs permeability diminished while there was an 

increment with N2ôs one. It was known that permeability coefficient of a gas depends 

on two things: diffusion coefficient and solubility coefficient (Stern et al. 1987) . A 

diffusion coefficient of the 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 out that the rise 

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 matrix (C. K. Yeom et al. 2000). Thus, N2 can 

cavalierly diffuse through them. In the literature, it was affirmed that solvents vapor 

and non-condensable gases exhibit contrary temperature dependence because of 

distinct enthalpies of sorption and diffusion  (Leemann et al. 1996; Pinnau & He 2004). 

Leeman et al., observed that ideal selectivity of toluene-nitrogen decline from 800 to 

50 when temperature increase from 30 oC to 140 oC. VOCs permeability and Ŭ VOCs/N2 

decrease by increasing temperature.  
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Figure 41. Performance of 20 % ZIF L/PDMS MMMs at different mass fraction and 

temperature (a) Permeability (b) VOCs/N2 selectivity (c) Dew point relationship 

between feed and permeate 

 (P feed = 2.92 bar and N2 flow rate= 22 ml/min). 

 

The dew points of feed side and permeate side were calculated by 

Thermosolver version 1. The higher membrane separation performance means the 

higher DP permeate value. For the sake of clarity, 1-(DP feed/DP permeate) was calculated 

and shown with a graph (Figure 41.c). DP feed remains constant while DP permeate 

changes with respect to membrane performance. If this value approaches one, this 

means that DP feed/DP permeate will  approximate to zero. This is only possible with high 

DP permeate value, this is exactly what we aimed. Figure 41.c indicates that dew point is 

a function of both composition of VOCs in the feed stream and operating temperature.  
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4.4 Conclusion 

The enhancement of VOCs permeability and ŬVOCs/N2 make the membrane a 

more efficient and cost-effective choice for the industrial application. The motivation 

of this chapter is to develop VOCs selective membrane with a high VOCs permeability 

value. 20 % ZIF-L/PDMS MMMsô had a VOCs permeability value of 9874 barrer and 

ŬVOCs/N2 value of 45. If those values are compared with pure PDMS membraneôs ones, 

the results corresponds to 60 % increment in permeability and 33 % increment in 

selectivity.  

The effect of operating temperature and VOCs concentration on 20 % ZIF-L 

/PDMS MMMs performance were determined. Either increasing temperature or 

decreasing VOCs concentration in the feed stream had negative affect on the 

membrane performance. Nevertheless, 20 % ZIF-L/PDMS had separation 

performance at the any situation.   

Those results indicate that 20% ZIF-L/PDMS MMMs is a good candidate for 

increasing efficiency of a solvent recovery system in the industry. 
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