
 

 

 

 

 

       

    

 

 

 

  

 

 

     

         

           

          

   

       

 

 

 

 

 

Thin Film Composite Membranes Comprising Amorphous Poly(ethylene 

oxide) for Carbon Capture 

by 

Gengyi Zhang 

08/09/2019 

A thesis submitted to the 

faculty of the Graduate School of 

the University at Buffalo, The State University of New York 

in partial fulfillment of the requirements for the degree of 

Master of Science 

Department of Chemical and Biological Engineering 

I 



 

 

 

                

                 

              

                   

        

             

            

                  

              

             

              

     

               

             

  

ACKNOWLEDGEMENTS 

First of all, I would like to express my sincerest gratitude to my graduate school advisor, 

Dr. Haiqing Lin, for his full support and guidance throughout my entire study in the master of 

science program. He brought me into membrane technology filed, and his patient teaching has 

given me a great interest in this project. I would also like to thank Dr. Chong Cheng for his 

help and suggestion of polymer synthesis and characterization. 

It is impossible to finish my master thesis without the encouragement and financial 

support from my parents, Mr. Lijie Zhang and Mrs. Furong Che. 

I would also like to thank my lab mates, including Dr. Junyi Liu who taught me how to 

prepare membranes and test gas permeability, Dr. Liang Huang who gave me helpful support 

in the project, Hien Nguyen, Thien (James) N. Tran, Nima Shahkaramipour, Xiaoyi Chen, 

Sarthak R. Doshi, Janavi V. Gohil, Kiruthika N. Santhanam, and Bharath K. Vaidyanathan for 

their help in the laboratory. 

Finally, I want to thank the professors and staff of the Department of Chemical and 

Biological Engineering of University at Buffalo for all the support during my study. 

II 



 

 

 

  

   

           

    

      

         

         

          

    

    

            

   

         

      

       

       

     

       

     

     

      

    

Contents 

ACKNOWLEDGEMENTS.......................................................................................................... II 

ABSTRACT ...............................................................................................................................V 

CHAPTER 1: Synthesis of High Molecular Weight PEO-based Polymers ............................................... 1 

1.1. INTRODUCTION ................................................................................................................ 1 

1.1.1 Carbon Dioxide Capture ............................................................................................... 1 

1.1.2 Gas Transport Mechanism in Polymer Membranes ......................................................... 1 

1.1.3 High Performance Polymers for CO2 Separation ............................................................ 2 

1.1.4 Rationale for Synthesizing High Molecular Weight Polymer ........................................... 4 

1.2. EXPERIMENTAL ................................................................................................................ 5 

1.2.1 Materials ..................................................................................................................... 5 

1.2.2 Synthesis of High Molecular Weight PEO-based Polymers and Preparation of Free-Standing 

Films................................................................................................................................... 6 

1.3. CHARACTERIZATION OF POLYMERS AND FREE-STANDING FILMS ............................ 8 

1.3.1 Nuclear Magnetic Resonance........................................................................................ 8 

1.3.2 Fourier Transform Infrared Spectroscopy....................................................................... 9 

1.3.3 Glass Transition Temperature Measurement ................................................................... 9 

1.3.4 X-ray Diffraction ......................................................................................................... 9 

1.3.5 Water Contact Angle Measurement................................................................................ 9 

1.3.6 Density Measurement.................................................................................................10 

1.3.7 Permeation Measurement ........................................................................................... 10 

1.4. RESULTS AND DISCUSSION ........................................................................................... 11 

1.4.1 ATR-FTIR .................................................................................................................11 

III 



 

 

     

     

        

        

      

    

        

    

    

    

       

      

      

      

           

            

           

     

    

        

   

 

1.4.2 NMR Results.............................................................................................................12 

1.4.3 XRD Results .............................................................................................................14 

1.4.4 Thermal Properties of Polymers and films....................................................................15 

1.4.5 Gas Permeability of Freestanding Films.......................................................................16 

1.4.6 Gas Separation Properties...........................................................................................18 

1.5. CONCLUSION ...........................................................................................................19 

CHAPTER 2: Preparation of TFC Membranes....................................................................................20 

2.1. INTRODUCTION ..............................................................................................................20 

2.2. EXPERIMENTAL ..............................................................................................................22 

2.2.1 Materials ...................................................................................................................22 

2.2.2 Preparing High-Permeance Gutter Layer .....................................................................22 

2.2.3 Preparing TFC Membranes ......................................................................................... 23 

2.2.4 Gas Permeance Properties ..........................................................................................24 

2.3. RESULTS AND DISCUSSIONS ......................................................................................... 24 

2.3.1. Study of Permeance Teflon Polymer Coating Gutter Layer...........................................24 

2.3.2. Improved Hydrophilicity of the Gutter Layer by Plasma Treatment...............................25 

2.3.3. Effect of the Plasma Treatment on Gas Permeance ......................................................26 

2.3.4. TFC Membranes .......................................................................................................26 

2.4. CONCLUSION ..................................................................................................................27 

CHAPTER 3: CONCLUSIONS AND FUTURE WORK .....................................................................28 

References: ......................................................................................................................................29 

IV 



 

 

 

            

              

              

          

             

            

             

           

               

              

              

                  

            

 

           

 

ABSTRACT 

Poly(ethylene oxide) (PEO) based polymers are the leading materials for membrane CO2 

capture from coal-fired power plant flue gas because CO2 can interact favorably with ether 

oxygen, leading to high CO2 permeability and high CO2/N2 selectivity. In this study, high 

molecular weight PEO-based polymers were synthesized via atom transfer radical 

polymerization (ATRP) reaction and were amorphous to retain high CO2 permeability. 1H NMR 

confirmed the chemical structure of new PEO-based polymers, and physical properties of 

polymers and film were determined, including density, water contact angle, and glass transition 

temperature. These new films have promising CO2/N2 separation performance. For example, 

one sample exhibits pure-gas CO2 permeability of 1000 Barrer and CO2/N2 selectivity of 34 at 

35 oC. These materials were further fabricated into thin film composite membranes with Teflon 

AF2400 as the gutter layer. Preliminary results show that the membrane had CO2 permeance 

of 114 GPU and CO2/N2 selectivity of 24 at 35 oC. Future work will aim to improve the 

compatibility of the gutter layer and coating solutions to increase gas permeance. 

Keywor s: CO2 capture; amorphous poly(ethylene) oxide; ATRP; TFC membranes; gutter layer 
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CHAPTER 1: Synthesis of High Molecular Weight PEO-based Polymers 

1.1. INTRODUCTION 

1.1.1 Carbon Dioxide Capture 

Carbon dioxide (CO2) is released in large quantities because of human activity every year, 

which is believed to causes global warming because CO2 is a greenhouse gas [1]. The majority 

of CO2 emissions (around 30%) come from fossil fuel combustion [2] as fossil fuel supplies 

more than 85% of global energy consumed [3]. An effective way to mitigate the CO2 emissions 

is through Carbon Capture and Storage (CCS). Absorption is a traditional way to capture CO2. 

For example, monoethanolamine (MEA) is widely studied to scrub CO2 from the flue gas. CO2 

has a stronger affinity with MEA than other gases such as oxygen, nitrogen, and other 

components of flue gas stream [4]. However, the regeneration of MEA is energy-consuming, 

which would significantly increase the power generation [5]. Membrane technology has 

become an extensive research area for CO2 capture from flue gas, because of its high energy-

efficiency and potentially low cost [6]. 

1.1.2 Gas Transport Mechanism in Polymer Membranes 

If the gas diffusion in polymers follows Fick`s law, and upstream pressure is much higher 

than downstream pressure, the gas permeability of the polymers (PA) can be described using 

the following equation [7]: 

�� = ���� (1) 

where �� is the average effective diffusivity and �� is the sorption coefficient of the 
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polymers [7]. 

Diffusion of gas molecules in the polymers depends on fractional free volume, which can 

be described as [8]: 

�� = ��� (− ) (2) � 

where A is a pre-exponential factor, B is a constant related to the penetrant size, and FFV is the 

polymer fractional free volume [8]. 

The ideal permeability selectivity of polymers for gas A over gas B is calculated by the 

ratio of their permeability values: 

�� ���ɑ�/ = = � ���� (3) �� �� �� 

where ���� is the diffusivity selectivity, and ���� is the solubility selectivity. �� �� 

1.1.3 High Performance Polymers for CO2 Separation 

For practical applications, membranes are required to have high CO2 permeability to 

decrease membrane area, and high selectivity to obtain high purity product. From Equations 

(1) and (3), there are two ways to improve membrane performance. One approach is to design 

sorption-enhanced polymer membranes, and the other is to design diffusion-enhanced glassy 

polymers [9]. Figure 1 compares CO2/N2 separation properties of different high-performance 

polymers in Robeson`s upper bound, which provides an overview of the state-of-the-art 

membrane materials and can be used to guide the polymer development. 

The gas separation performance of diffusion-enhanced glassy polymer membrane is 

determined by the chain rigidity and fractional free volume of the polymer and the relative gas 

molecular size. Recently, polymers of intrinsic microporosity (PIMs) and thermally rearranged 
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polymers (TR polymers) gain more attention because of high CO2 permeability and CO2/N2 

selectivity [10]. Recently, PIM-1 was modified by the [2+3] cycloaddition reaction between 

aromatic nitrile groups and sodium azide [11]. Compared with PIM-1, TZPIM contains CO2-

philic tetrazole groups and showed a CO2/N2 selectivity over 40 and CO2 permeance of 4000 

GPU (1GPU=10-6 cm3(STP)/cm2 s cmHg). TR polymers derived from polybenzoxazoles also 

showed CO2 permeability as high as 5900 Barrer (1 Barrer=10-10 cm3(STP) cm/cm2 s cmHg) 

and CO2/N2 selectivity of 17, which is above the upper bound [12]. 

Comparing with glassy polymer membranes, sorption enhanced rubbery polymers 

separates gases based on their relative affinity with the gas molecules. Poly(ethylene oxide) 

(PEO) and amine functional groups show excellent CO2-philic property and thus high 

solubility-selectivity of CO2/N2 [13]. The amine groups in polyvinylamine (PVAm) membrane 

-and CO2 (in the form of HCO3 in the presence of water) react reversibly, leading to high CO2 

permeability and selectivity [14]. PVAm based thin film composite membranes demonstrated 

CO2 permeance of 104 GPU and CO2/N2 selectivity of 197 [14]. Poly(amide-b-ethylene oxide) 

(Pebax®) is composed of liner chain of rigid polyamide segment and flexible polyether segment, 

and Pebax® 1657 has CO2 permeability of 122 Barrer and CO2/N2 selectivity of 71 [15]. 

Blending polyethylene glycol (PEG) in Pebax® further increases CO2 permeability (by as much 

as 200%) [16]. Amorphous PEO can also be prepared from the photopolymerization of 

poly(ethylene glycol) diacrylate (PEGDA) and poly(ethylene glycol) methyl ether acrylate 

(PEGMEA), which exhibited CO2 permeability as high as 570 Barrers because of the 

amorphous nature [17]. These copolymers demonstrate very interesting separation properties 

for practical applications. However, the copolymers of PEGDA-co-PEGMEA can not be 
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fabricated into thin film composite membranes because the copolymers are cross-linked and 

cannot be processed in the solution-casting method, a typical way for membrane fabrication. 

There is a critical need to synthesize high molecular weight PEO-based polymers that are 

soluble in solvents for the fabrication of thin film composite membranes. 

200 

100 

10 

CO permeability (Barrer) 
2 

Fig. 1. CO2/N2 separation properties in state-of-the-art polymers in Robeson`s upper bound 

plot. 

1.1.4 Rationale for Synthesizing High Molecular Weight Polymer 

To gain high molecular weight polymer, atom transfer radical polymerization (ATRP) 

reaction was selected because it provides possibilities to synthesize polymers with well-

controlled structure [18]. Single-electron transfer living radical polymerization (SET-LRP) is 

a special type of ATRP, and it can be operated under room temperature with slight oxygen and 

reach high conversion rate with short reaction times. Figure 2 shows the mechanism of the 

ATRP. CuBr (catalyst) reacts with the initiator (organic halide with a halogen atom) to form a 

radical (R∙), which can attach the C=C double bonds for the chain propagation. Finally, the 

polymer chains can be terminated by the deactivator (CuBr2) [19]. 

C
O

 /
N

 
s

e
le

c
ti

v
it

y
 

2
2
 

Pebax PEGDA/ 

PEGMEA 

Nanocomposite 

PIMs 

Upper bound 

TR polymers 

2 3 4
10 10 10 

4 



 

 

 

                

          

 

             

           

                 

        

 

  

  

             

          

         

        

        

            

             

               

 

Fig. 2. Mechanism of ATRP reaction. CuBr serves as a catalyst, and ligand (L) complex with 

the metal catalyst to increase solubility and control reactivity [19]. 

In this study, multifunctional initiator was used for polymerization because it is expected 

to yield higher molecular weight than traditional mono-functional initiators. We hypothesized 

that the molecular weight of the new polymers would be high enough to form thin films because 

of the entanglement between the polymer chains. 

1.2. EXPERIMENTAL 

1.2.1 Materials 

Poly(ethylene glycol) diacrylate (contains ~100ppm MEHQ and ~300ppm BHT as 

inhibitor), poly(ethylene glycol) methyl ether acrylate (contains ~100ppm MEHQ and 

~100ppm BHT as inhibitor), Dimethyl sulfoxide (DMSO, anhydrous), pentaerythritol 

tertrakis(2-bromo-isobutyrate) (4f-BiB, 97%) and chloroform-d were purchased from Sigma-

Aldrich. Copper(II) bromide (anhydrous, 99+%) and Tris(2-dimethylaminoethyl) amine 

(Me6TREN, 99+%) were purchased from Acros Organics. Copper wire (20 AWG) was 

purchased from Fisher Scientific and was polished by sandpaper prior use. Hydrogen, nitrogen, 

methane, carbon dioxide and argon with a purity of 99.9%, were purchased from Airgas Inc. 
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1.2.2 Synthesis of High Molecular Weight PEO-based Polymers and Preparation of Free-

Standing Films 

A way of synthesizing high molecular weight PEO-based polymers via ATRP reaction is 

described as follows: a mixed solution of PEGMEA (9.8 g, 0.0196 mol), PEGDA (0.02g, 

0.0285 mmol) and anhydrous DMSO (10 ml) were added in 250 ml three-neck flask. Copper(II) 

bromide (0.0112 g, 2E-5 mol) and pentaerythritol tertrakis(2-The multifunctional-isobutyrate) 

(0.036 g, 5E-5 mol) were added into pre-mixed solution. The reactant mixture was 

mechanically stirred at room temperature for 2 hours to make sure initiator and copper bromide 

dissolved in solution. Then Me6TERN (0.0642 ml, 2.4E-4 mol) and 7 cm polished copper wire 

were added in the mixture. To obtain the highest molecular weight polymer, lower initiator, and 

monomer ratio was tried (initiator: monomer =1:800; 1:1200). Followed by degassing with 

three freeze-pump-thaw cycles, three-neck flask were put in pre-heated 30 ℃ water bath to 

induce polymerization. The polymerization reaction was protected by argon for 35 minutes. 

After 35 mins reaction, part of the polymer solution was sandwiched between Teflon plate 

and quartz plate, which separated by spacers to control film thickness. The solution was kept 

in room temperature overnight, which resulting in polymerization reaction continuing to occur. 

After the further reaction, solid films were obtained, and then films were pulled vacuum 5 hours 

under 50℃ (free-standing film referred to 1-400-XL-film, 1-800-XL-film, 1-1200-XL-film). 

Rest of solution was diluted by THF and then precipitated in diethyl ether. The precipitated 

mixture was obtained by keeping diethyl ether mixture in -18 oC refrigerator overnight to 

remove monomers. The precipitated mixture was dried under vacuum and then re-dissolved in 

acetone, followed by passing through Al2O3 column to remove copper ion. Mixture dry under 
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vacuum to remove acetone and then heated up 60 oC under vacuum to remove DMSO residuals. 

Polymer gained from PEGMEA and PEGDA referred to 1-400-XL, 1-800-XL, and 1-1200-XL. 

Also, to understand the reaction process and chemical structure of polymers, 3 group reaction 

that PEGDA was not added in the reaction were prepared. Same three different initiator and 

monomer ratio was tried, and the reaction condition keeps the same with the above reactions. 

Polymers obtained from reaction without PEGDA were named 1-400, 1-800 and 1-1200. 

Schematic of polymer synthesis shows in Figure 3. 
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Fig. 3. Schematic of synthesis of high molecular weight polymers (a) 1-400, 1-800, and 1-

1200 from PEGMEA, and (b) 1-400-XL, 1-800-XL, and 1-1200-XL from PEGMEA and 

PEGDA. 

1.3. CHARACTERIZATION OF POLYMERS AND FREE-STANDING FILMS 

1.3.1 Nuclear Magnetic Resonance 

Proton nuclear magnetic resonance (1H NMR) spectra were obtained using VARIAN 

INOVA-500 spectrometer, which was operated at 500MHz and ~25 ℃. CDCl3 at 7.26 ppm was 

used as a reference for chemical shifts. Polymer samples for 1H NMR test were taken out at 

different reaction time and then dissolved in CDCl3 at 5 wt% to 10 wt% concentrations. 
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1.3.2 Fourier Transform Infrared Spectroscopy 

Fourier transform infrared spectroscopy spectra were recorded by VERTEX 70 FTIR 

spectrometer (Billerica, MA). The VERTEX 70 spectrometer is equipped with ZnSe crystal 

which has a 45° incident angle and yields about 12 internal reflections at the surface of the 

sample. The standard spectral resolution is 0.4 cm-1, which is suitable for measurement of free-

standing film and polymer. 

1.3.3 Glass Transition Temperature Measurement 

Glass transition temperature was measured by Differential Scanning Calorimetry (DSC, 

Q2000 TA Instruments, New Castle DE). The heating procedure followed by equilibrating at -

90℃, isothermal for 10min and then ramp to 120 ℃ at 20 ℃/min. The overall process was 

protected by dry N2 gas that purges at a flow rate of 50 ml/min. Glass transition temperature 

was obtained using Universal analysis 2000 software. 

1.3.4 X-ray Diffraction 

X-ray diffraction spectra were determined by X-ray diffraction system-Rigaku Ultima IV 

(Rigaku Corporation, Tokyo, JP) with Cu X-ray source. The scanning rate was 1°/min with a 

scanning range of 10-80° at room temperature. 

1.3.5 Water Contact Angle Measurement 

The water contact angle was measured by rame-hart contact angle goniometer (Model 190, 
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Rame-Hart Instrument Co., Succasunna, NJ). DROPimage CA software was used to measure 

waster contact angle on water drops, and ImageJ with contact angle plugin was used to 

calculated water contact angle. A 10 mml Milli-Q water drop was lightly dropped on the film 

surface by syringe. The photo was taken immediately when a water drop contact film surface, 

and a water drop was absorbed in film in 5 minutes. 

1.3.6 Density Measurement 

The density of the dry film was gained by using a METTLER TOLEDO XS64 balance and 

density determination kit [20]. The density ρ was calculated by the equation as follows [21]. 

ρ = �� �� （4）����� 

where � means the film weight in the air, ! is the film weight in the auxiliary liquid, and 

�� represents the density of auxiliary liquid (i.e., n-decane with a density of 0.73 g/cm3). PEO 

is not soluble in n-decane [22]. 

1.3.7 Permeation Measurement 

Constant-volume and variable-pressure system was used to test pure gas permeability of 

the films. Gas pressure was recorded by a low pressure transducer (model FPA, Honeywell). 

Permeability of membrane was calculated by equation (5) as shown below [23, [24]: 

�"# [(*�+ */+�� = )-- − . 0 ] (5) $%�&'( *, *, #123 

where 5* is down-stream volume, 6 is the thickness of the membrane, 78 is up-stream 

pressure, �9 is an effective area for gas transport, R is gas constant, and 

(*�+ */+)-- ;<= . 0 are the slope of steady-state rates of down-stream pressure changing *, *, #123 
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*/+ */+with time. . 0 was measured before each gas permeability test, and . 0 should *, #123 *, #123 

less than 10% of steady-state gas permeability rate. 

1.4. RESULTS AND DISCUSSION 

1.4.1 ATR-FTIR 

Figure 4 shows the FTIR spectrum of 1-400-XL at different reaction time in the region of 

650- 1800 cm-1 . All of characteristic acrylate group peaks of 1-400-XL reaction solution is 

-1 -1 810 cm , 1196 cm , 1403 cm-1 and 1637 cm-1 [25]. As the reaction proceeds, the absorbance 

of acrylate peak decrease, which means ATRP reaction happened. Specifically, the radical 

species attack the carbon double bonds on the monomers. When the double bond was opened, 

the PEGMEA moiety will be connected covalently with initiators, and reactive initiator would 

become new terminal monomer. 

Film 

30min 

10min 

0min 

1,800 1,570 1,340 1,110 880 650 

Wavenumber [cm
-1

] 

Fig. 4. FTIR spectra of the 1-400-XL polymer at different reaction time. 
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1.4.2 NMR Results 

NMR technique was used to define the chemical structure of the new polymer. NMR 

spectrum for the different initiator and monomer ratio polymers were showed in Figure 5a and 

adding 2 wt% PEGDA polymers were shown in Figure 5b, where CDCl3 was selected as the 

solvent. Figure 5b red NMR spectrum shows the NMR spectrum of 1-800-XL polymers in 

acetone-d because of the low solubility of the polymer in CDCl3. In Figure 5a the assignment 

of NMR chemical shift peaks is as following: 1H NMR (CDCl3):7.26 ppm, 4.31 (2H, CCH2O), 

1.59 (6H, C(CH3)2), 2.28~1.77 (2H, (CH2CH) n) and (H, (CH2CH) n), 4.16 (2H, COOCH2), 

3.78 (2H, CH2O), 3.64 (4H, (CH2CH2O)6), 3.55 (2H, CH2OCH3), 3.38 (3H, CH3). The number 

of repeat units in polymers (1-400, 1-800 and 1-1200), n, can be calculated based on the integral 

ration of δ 3.38 and δ 1.59. Therefore, the number of average molecular weight of polymers 

can be determined as follows: 

? @>,1AB2#∗DE.E? 
> = . 0 ∗ 480 + 732 (6) G @>,1AB2#∗DG.HI 

The number of repeat units of 1-400 polymer is 24, and the number average molecular weight 

is 12252 g/mol. The number of repeat units of 1-800 polymer is around 41, and the number 

average molecular weight is 20322 g/mol. The number of repeat units of 1-1200 polymer is 

about 41, and the number average molecular weight is 20511.6 g/mol. Therefore, 1-800 of 

initiator and monomer ratio reaches the reaction limit. 

In Figure 5b, NMR chemical shift peaks of pure 1-400-XL, 1-800-XL and 1-1200-XL 

polymers keep same with polymers from pure PEGMEA reaction, in addition, C=C double 

bonds peaks show up in NMR analysis, which means one of two double bond on PEGDA was 

open and covalently contacted on the backbone. NMR peaks of PEGDA on the backbone is as 

12 
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following: 1H NMR (CDCl3):7.26ppm, 6.43 (H, cis CH2=CH), 5.82 (H, trans CH2=CH)), 6.15 

(H, CCH=), 7.32 (2H, CH2COO). PEGDA has two C=C double bonds which can be open in 

ATRP reaction, then leading to a more complicated network structure. so number average 

molecular weight of polymers from reaction PEGMEA and PEGDA cannot be predicted by 

NMR results. In Figure 5b red NMR spectrum presents 1-800-XL testing in solvent acetone-d, 

so chemical peaks will shift comparing test in DCl3, but we still can confirm the chemical 

structure of 1-800-XL. 

13 
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Fig. 5. The NMR spectrum of (a) pure 1-400, 1-800, and 1-1200 polymers. (b) NMR test of 

1-400-XL, 1-1200-XL polymers in CDCL3 and 1-800-XL was tested in acetone-d. 

 

1.4.3 XRD Results 

Figure 6 illustrates the wide-angle X-ray diffraction patterns for different initiator and 

monomer ratio films. The diffraction patterns of the three films are very similar, and the sharp 

peak of PEO crystals are absent, which clearly indicate the amorphous nature of three films at 

room temperature [26]. Because of short-range order, cross-linked polymers show broad halo. 

And d spacing, which used to present the spacing between the polymer chain, can be calculated 

by Bragg`s Law as follows: 

d =  R 
(7) 8-@>S 

where λ is the wavelength of CuKα radiation (1.54 Å), and θ is the reflection peak. The d 

spacing results and other physical property was summarized in Table 1. 

1-400-XL-film 

1-800-XL-film 

1-1200-XL-film 

5 18 31 44 57 70 

2 theta  

Fig. 6. Wide-angle X-ray diffraction patterns of freestanding films from the ATRP reaction. 
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Table 1. Physical properties and structural characteristics of films from ATRP reaction. 

Properties 1-400-XL-film 1-800-XL-film 1-1200-XL-film 

d-spacing (Å) 4.2 4.2 4.2 

Density (g/cm3) 1.211 ± 0.002 1.135 ± 0.002 1.115 ± 0.003 

Tg (oC) -68 -71 -72 

Melting enthalpy (J/g) 70.4 57.3 66.3 

Water contact angle (o) 41±1 37±1 40±1 

1.4.4 Thermal Properties of Polymers and films 

Figure 7a shows the thermal properties of different initiator and monomer ratio polymers. 

Glass transition temperature of three polymers are around -68 oC. Crystallinity peak and 

melting peak show up below room temperature, which means polymers are amorphous at room 

temperature. And Figure 7b is the thermal behavior of 1-400-XL, 1-800-XL and 1-1200-XL 

polymers. Interestingly, Tg of 1-400-XL polymer, which is -64oC, higher than the other two 

samples, which means 1-400-XL has a more rigid structure. Figure 7c and 7b illustrates the 

thermal properties of films, and with the ratio of initiator and monomer decreasing, Tg 

decreased. Lower Tg of different ratio film indicates polymers in the film have a more flexible 

structure, which is supposed to give higher permeability. Temperature range of DSC test is 

from -95 oC to 150 oC. 
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Fig. 7. Thermal properties of (a) different initiator and monomer ratio polymers, (b) different 

initiator and monomer ratio polymer from PEGMEA and PEGDA, and (c) different films from 

ATRP reaction 

 

1.4.5 Gas Permeability of Freestanding Films 

Gas permeability of free-standing film from ATRP reaction was determined via testing pure 

gas permeability at different pressure. Figures 8a, 8b and 8c show the permeability coefficients 

of four gases (N2, H2, CH4, and CO2) in 1-400-XL-film, 1-800-XL-film and 1-1200-XL-film at 

35 oC as a function of upstream pressure, respectively. Permeability of N2, H2, and CH4 of three 
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films are independent of upstream pressure, which means these films are defect-free. CO2, a 

more condensable gas, has higher permeability with increasing pressure. Plasticization effect 

contributes to higher CO2 permeability at high pressure because higher CO2 pressure leads to 

higher CO2 sorption, which results in more flexible polymer chains [17]. Plasticization is 

common properties in rubbery polymers [17]. Comparing cross-link PEGDA and PEGMEA 

copolymer film, which is widely used for CO2/N2 separation, films from ATRP reaction show 

higher gas permeability. Surprisingly, 1-800-XL-film has CO2 permeability of 1000 Barrer 

almost 3 times of cross-linked PEGDA and PEGMEA copolymer film. High permeability 

attributed to flexible four-arm chemical structure. And comparing with cross-linked PEGDA 

and PEGMEA copolymer film, part of the film from ATRP reaction formed because of long-

chain entangled, which also contribute flexible structure, thus high permeability. 
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Fig. 8. Gases permeability of (a) 1-400-XL-film, (b) 1-800-XL-film and (c) 1-1200-

XL-film at 35oC 

1.4.6 Gas Separation Properties 

Figure 9 presents the permeability/selectivity map for CO2/N2 separation in the Robeson`s 

upper bound plot at 25-35 oC. The synthesized amorphous PEO (from ATRP) demonstrate 

promising gas permeability. In particular, 1-800XL-film shows the separation property on the 

upper bound. 
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Fig. 9. Comparison of the synthesized amorphous PEO films from ATRP for CO2/N2 

separation in the Robeson’s upper bound plot. 

1.5. CONCLUSION 

We successfully synthesized high molecular weight, amorphous PEO-based polymers 

using ATRP, and the chemical structure of the polymers was confirmed by 1H NMR. DSC and 

XRD tests validated that all polymers and films were amorphous at room temperature. The 

freestanding films showed high gas permeability. For example, 1-800-XL-film exhibited CO2 

permeability of 1000 Barrer at 35 oC. 

C
O

 /
N

 
s

e
le

c
ti

v
it

y
 

2
2

 

19 



 

 

      

 

  

           

             

             

              

                

             

              

              

               

            

              

      

              

               

            

              

              

                

             

CHAPTER 2: Preparation of TFC Membranes 

2.1. INTRODUCTION 

For practical applications, high-performance polymers need to be fabricated into industrial 

membranes to achieve high gas permeance, such as thin film composite (TFC) membranes. 

Figure 10a illustrates schematic of the TFC membranes consisting of a microporous substrate 

to provide mechanical strength, a gutter layer to provide smooth surface, an ultrathin selective 

layer to govern gas separation properties, and a protect layer to avoid damage to the selective 

layer [27]. High efficiency in gas separation needs high permeance membranes, i.e., the 

selective layer should be as thin as possible, which is often achieved using low-concertation 

coating solutions [28]. The gutter layer is used for preventing the coating solution penetrating 

into the porous substrate and providing a smooth surface to deposit the ultrathin selective layer. 

Therefore, the gutter layer material should have high permeability to minimize transport 

resistance and have good compatibility with the coating solutions of the selective layer [29]. 

Polydimethylsiloxane (PDMS) and poly(1-(trimethylsilyl)-1-propyne) (PTMSP) are 

usually used for preparing gutter layers because of their high CO2 permeability, i.e., 3200 

Barrer in PDMS and ~20,000 Barrer in PTMSP [30], [31]. Though PTMSP has higher CO2 

permeability than PDMS, PTMSP suffers from rapid physical aging. For example, PTMSP 

coated on polyacrylonitrile (PAN) lost 80% CO2 permeance in 14 days, whereas the PDMS 

coated on PAN retained almost the same CO2 permeance [32]. Therefore, PDMS has been 

widely used to fabricate the gutter layer with CO2 permeance of 3000 to 10,000 GPU [33-34]. 

Nevertheless, materials with higher CO2 permeability are highly sought to further improve the 
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gas permeance. 

Recently Teflon AF attracts more attention as new gutter layer material because of their 

easy processing and good film-forming properties [35]. For example, Teflon AF1600 and 

Teflon AF2400 have CO2 permeability of 520 Barrer and 2200 Barrer, respectively. When 75 

nm Teflon AF2400 was coated on PAN microporous support, the membrane showed a CO2 

permeance of 31,000 GPU, which is impossible for PDMS membranes to achieve because 

PDMS is rubbery and cannot be deposited into defect-free films thinner than 100 nm [36]. 

Teflon AF2400 and Teflon AF1600 can give higher CO2 permeance, but they are 

oleophobic and hydrophobic, which make them incompatible with the coating solutions for the 

selective layer. Additionally, Teflon has good chemical stability, and it is difficult to change the 

surface property by chemical reaction. In this study, we modified Teflon surface property using 

O2 plasma treatment. The chemical structure on the Teflon surface did not change significantly 

after oxygen plasma treatment, except for incorporation of small amount of hydrophilic oxygen 

moieties [36]. Inductively coupled plasma (ICP) is generated by electromagnetic filed induced 

via a time-varying magnetic field [37-39]. ICP plasma produces weaker ion bombardment and 

higher plasma density than capacitivity coupled plasma (CCP), which serves well for the 

surface modification without damaging the film integrity, even for films as thin as 200 nm [40-

42]. In this project, we have optimized the plasma treatment conditions to maximize surface 

hydrophilicity while minimizing the damage of the Teflon AF2400 layer. 
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2.2. EXPERIMENTAL 

2.2.1 Materials 

PAN support with a nominal molecular weight cut off of 50 kDa were purchased from 

Sterlitech Corporation (Kent, WA). Novec 7200: (ethoxyl-nonafluorobutane, C4F9OC2H5) 

purchased from 3M (St. PAUL, MN). Poly[4,5-difluoro-2,2-bis(trifluoromrthyl)-1,3-dioxole-

co-tetrafluoroethylene] (Teflon AF2400) were get from ALDRICH, and Teflon AF1600 was 

purchased from DuPont (Wilmington, DE). Acrodisc 25 mm with 1 µm glass fiber filter was 

purchased from Pall corporation (NY, united states). Isopropyl alcohol (IPA) was bought from 

VWR international corporation (Suwanee, GA). Iso-octane was purchased from Fisher 

chemical. Automatic drawdown machine (DP-8301, The PAUL N. Gardner Company, 

Pompano Beach, FL) has wire-wound lab rods. The surface of the gutter layer was modified 

using a plasma machine (Trion Technology Minilock-Orion℃) in the cleanroom at UB. 

2.2.2 Preparing High-Permeance Gutter Layer 

High-permeance gutter layer was achieved by coating Teflon AF2400 solution on 

commercial ultrafiltration membrane. Teflon AF2400 was dissolved in Novec 7200 at 50 oC 

for 4 hours. After 4 hours, Teflon polymer swelling can be observed, and then were treated with 

ultra-sonication for 1 hour. Repeating above cycle 3 times to make sure Teflon fully dissolve 

in Novec 7200. The Teflon solution was filtered by a 1-micrometer glass fiber filter to remove 

undissolved Teflon particles. Solution concentration was re-determined by evaporating the 

solvent. 

Commercial ultrafiltration membranes need to be pretreated before using. Membranes were 
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put in DI-water for 30 mines with ultra-sonication to remove glycerin on the membrane surface, 

and then membranes were moved to isopropyl alcohol (IPA) for 20 mines with ultra-sonication 

to remove water and glycerin residue, after that membrane was transferred into iso-octane for 

1 hour to remove IPA in membrane pore [43]. Followed by membrane dry in the hood for the 

next steps coating. 

The pretreated membrane was taped on the glass plate of the Gardco automatic drawdown 

machine. 0.20mL Teflon solution was dropped on the pretreated membrane, and drawdown 

machine coating Teflon solution on membrane automatically with heated by heat gun. And then 

oCthe membrane was transferred to 60 oven for 2 hours to remove solvent residual. Different 

concentration Teflon solution coating gutter layer was prepared by the same method. 

The Teflon gutter layer was taped on silicon wafer by double side tape, and then gutter layer 

was loaded on the sample chamber of plasma-enhanced chemical vapor deposition system 

(Trion Technology Minilock-Orion℃). The plasma-treated time was varied to obtain the gutter 

layer with different hydrophilicities at the plasma power of 50 W, a pressure of 25 mTorr, and 

oxygen gas flow of 30 sccm. The water contact angle was measured by Rame-hart contact 

angle goniometer. DROPimage CA software was used to measure water contact angle on water 

drops, and ImageJ with contact angle plugin was used to calculated water contact angle. A 10 

ml Milli-Q water drop was lightly dropped on the membrane surface by syringe. 

2.2.3 Preparing TFC Membranes 

The 1-400-XL polymer was dissolved in a different solution and then dip-coated on the 

plasma-treated gutter layer. After dip-coating, the heat gun was used to evaporate most of the 
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solvent. Finally, the membrane was left in the vacuum oven to remove the residual solvent. 

2.2.4 Gas Permeance Properties 

A constant-pressure and variable-volume system was used to determine pure gas permeance. 

The TFC membranes were masked by copper paper with epoxy glue. The following equation 

was used to calculate gas permeance: 

�� T�= (8) # �&(�%,��/+,�) 

��where was used to present gas permeance of the TFC membrane because of the unknown # 

thickness of the selective layer. 

2.3. RESULTS AND DISCUSSIONS 

2.3.1. Study of Permeance Teflon Polymer Coating Gutter Layer 

As shown in Figure 10a, PAN50 with a MWCO of 50 kDa was chosen as the membrane 

support because of its extremely high gas permeance (higher than 100,000 GPU). It also has 

fine pore size suitable for the coating of the gutter layer. From the chemical structure of Teflon 

AF1600 and Teflon AF2400, Teflon AF2400 has more dioxole content (87 mol%) than Teflon 

AF1600 (65 mol%), so Teflon AF2400 has higher CO2 permeability. Therefore, Teflon AF2400 

was selected for the gutter layer. Figure 10b illustrates the effect of the Teflon AF2400 content 

in the coating solutions on the pure-gas permeance and selectivity. As expected, lower 

concentration leads to thinner gutter layer and thus higher pure-gas permeance. Increasing the 

Teflon AF2400 content in the coating solutions slightly increases the CO2/N2 selectivity, 

indicating the elimination of the micro-defects in the thin selective layers. 
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Figure 10. (a) TFC membrane structure [44]. (b) Permeance and selectivity of PAN50 gutter 

layer as a function of Teflon AF2400 solution concertation. 

2.3.2. Improved Hydrophilicity of the Gutter Layer by Plasma Treatment 

As shown in Figure 10b, the gutter layer prepared from 1.5 wt% coating solution showed 

CO2 permeance of 20,000 GPU, which is good enough for making TFC membranes. 

Additionally, the derived gutter layer has sufficient thickness to avoid the damage by the 

plasma treatment. Therefore, the coating solution of 1.5 wt% Teflon AF2400 was selected for 

preparing the gutter layer. Figure 11 shows that the hydrophilicity of the gutter layer was 

improved by plasma treatment, and the hydrophilicity continues to improve with increasing the 

plasma-treating time, as indicated by the decreased water contact angle. 
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Figure 11. Effect of the plasma treatment time for the gutter layer on water contact angle. 

2.3.3. Effect of the Plasma Treatment on Gas Permeance 

As shown in Figure 11, the water contact angle levels off after 30-second plasma-

treatment. Therefore, the plasma treatment was set at 30 seconds. Pure-gas permeance was 

determined for a membrane prepared from 1.5 wt% Teflon AF2400 solutions before and after 

the plasma treatment. Before the treatment, the membrane showed pure-gas CO2 permeance of 

20,000 GPU and CO2/N2 selectivity of 2.5, while after the treatment, the membrane showed 

CO2 permeance of 20,000 GPU and CO2/N2 selectivity of 2.1, indicating that the plasma 

treatment has minimal effect on the CO2/N2 separation properties under these conditions. These 

results further confirm the conditions in preparing the gutter layer with high permeance, defect-

free nature, and good hydrophilicity. 

2.3.4. TFC Membranes 

To prepare the coating solutions for the selective layer, high molecular weight PEO was 

add to increase the viscosity and improve film-forming properties. Table 2 records the 

26 



 

 

             

           

            

           

                

       

 

              

       

 

       

 

 

 

     

       

       
 

 

  

              

               

               

  

composition of the coating solutions and the pure-gas permeance of the resulted TFC 

membranes. The membranes show moderate permeance and CO2/N2 selectivity comparable to 

the freestanding films. Unfortunately, lower contents of 1-400-XL cannot lead to defect-free 

membranes, presumably because of the incompatibility between the Teflon AF2400 gutter 

layer and the coating solutions. In the future, the gutter layer needs to further modified to 

improve the compatibility with the coating solutions. 

Table. 2. Composition of the coating solutions and pure-gas permeance of the resulted TFC 

membranes (at 35 oC and 4.4 atm). 

Samples 

Composition of the coating solutions (wt.%) 

1-400-XL PEO water methanol 

CO2 

permeance 

(GPU) 

CO2/N2 

selectivity 

1 13.8 0.3 85.9 0 114 24 

2 8.3 0.2 50.9 40.6 134 23 

2.4. CONCLUSION 

We have prepared gutter layers based on Teflon AF2400, which show CO2 permeance of 

20,000 GPU. The gutter layer was treated with plasma to improve the hydrophilicity, and the 

resulted TFC membranes exhibit CO2 permeance of 134 GPU and CO2/N2 selectivity of 23. 
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CHAPTER 3: CONCLUSIONS AND FUTURE WORK 

In this project, we successfully synthesized high molecular weight, amorphous PEO-based 

polymers via the ATRP reaction, which exhibit CO2 permeability as high as 1000 Barrer. TFC 

membranes based on this amorphous PEO were prepared using a gutter layer of Teflon AF2400 

after the plasma treatment. Preliminary results show that the TFC membranes exhibit CO2 

permeance of 134 GPU and CO2/N2 selectivity of 23. While the selectivity is comparable with 

the freestanding films, the permeance is much lower than expected, presumably due to the 

incompatibility between the gutter layer and coating solutions. 

In the future, we will continue to optimize the polymerization procedures to prepare high 

molecular weight PEO. More importantly, we will optimize the surface modification to 

improve the compatibility between the Teflon AF2400-derived gutter layer and coating 

solutions for the selective layer. 
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