
 

 

 

 

DEVELOPMENT OF POLYMER BLEND-BASED CARBON MEMBRANE FOR 

CARBON DIOXIDE SEPARATION FROM NATURAL GAS 

 

 

 

 

 

 

 

 

NORAZLIANIE BINTI SAZALI 

 

 

 

 

 

 

 

 

A thesis submitted in fulfilment of the 

requirements for the award of the degree of 

Doctor of Philosophy  

 

 

 

 

 

 

 

 

Faculty of Chemical and Energy Engineering 

Universiti Teknologi Malaysia 

 

 

 

 

 

 

 

APRIL 2018 



iii 

 

 

 

 

 

 

 

 

 

 

 

Dedicated to my beloved parents 

 (Sazali bin Kandar, Soliah binti Adinan) 

Siblings 

(Norzalyana, Norsuhailizah, Mohammad Suzaime, and Mohammad Suzaidie) 

and friends for their continuous support and  

encouragement throughout this study 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 

 

 

 

ACKNOWLEDGEMENT 

 

 

 

 

Bismillahirrahmanirrahim. All praises to ALLAH the Almighty, on whom 

ultimately, we depend for sustenance and inspiration to embark and complete this 

study. First and foremost, my sincere appreciation goes to my supervisor, Dr. Wan 

Norharyati binti Wan Salleh, for giving me the opportunity to carry out this study and 

providing me with continuous support. Her timely and constructive comments as well 

as enthusiasm have helped me to write this thesis into its final form. I am also grateful 

for the sincere and untiring efforts of my co-supervisor, Prof. Datuk Dr. Ahmad Fauzi 

bin Ismail who assisted me in all stages of this thesis writing. 

 

 

In addition, I would like to acknowledge Prof. Yuji Iwamoto and Prof Sawao 

Honda (Nagoya Institute of Technology, Japan), for kindly providing me assistance 

with the sample analysis during the attachment. I am also indebted to Prof. Dr. Takeshi 

Matsuura (University of Ottawa, Canada) for his patient in giving me useful critics and 

valuable advice throughout the entire course of this study. Special thanks to the 

members of Advanced Membrane Technology Research Center (AMTEC) for the 

technical supports and assistance. Extended thanks dedicated to Prof. Madya Dr 

Hafidz Dzafran Othman, Dr. Norhaniza Yusof, Dr. Mohd. Nazri Mohd Sukri, Dr. 

Farhana Aziz, Dr. Nik Abdul Hadi Mohd Nordin, Ms Faten Ermala Che Othman, Ms. 

Nor Hafiza Ismail, Mr. Mohamad Azuwa Mohamed, and others.  

 

 

I would also like to acknowledge the generous financial assistance from the 

Ministry of Education Malaysia for the MyBrain15 (MyPHD) scholarship. Finally, my 

heartfelt gratitude to my beloved parents and siblings, who have strengthened and 

support me with their unconditional love, endless encouragement, understanding and 

inspiration. 

 



v 

 

ABSTRACT 

 

 

 

 

In membrane technology, polymeric membranes are the commonly used 

commercial membranes for carbon dioxide (CO2) separation. The limitations of 

commercial polymeric membranes have motivated researchers to study other 

alternatives, namely inorganic membranes, due to their higher thermal stability, good 

chemical resistance to solvents, higher mechanical strength and longer lifespan. In this 

study, novel carbon membranes supported onto porous alumina tubular with superior 

CO2 separation performance were fabricated via carbonization of P84 co-polyimide 

(PI) blended with different types of additives such as polyvinylpyrrolidone, 

microcrystalline cellulose, and nanocrystalline cellulose (NCC). The preparation of 

this carbon membrane involved three main processes: (a)dope polymeric precursor 

membrane preparation, (b)coating step, and (c)heat treatment process. The influence 

of the dope formulation, carbonization conditions, and dip-coating parameters on the 

gas separation performance of the carbon membranes was evaluated. All membrane 

samples were characterized using scanning electron microscope, thermal gravimetric 

analysis, x-ray diffraction meter, raman analysis, mercury porosimetry, and Fourier 

transform infrared spectroscopy. Pure gas permeation tests of the resultant membranes 

were also conducted and evaluated by using CO2, and methane (CH4). The effects of 

additive loadings, carbonization conditions and dip-coating parameters have shown 

significant improvements toward the physiochemical and gas permeation properties. 

The incorporation of additives enhanced the gas separation performance in comparison 

to single polymer-based carbon membranes, where in this case NCC demonstrated the 

most promising additive with 36% improvement of CO2 permeance. Manipulation of 

gas environments during carbonization process of argon, helium, and nitrogen have 

shown that argon environment gives 32% and 12% improvement of CO2 permeance 

and CO2/CH4 selectivity, respectively. These were due to higher order degree of 

carbon membrane and significant acceleration of the degradation reaction on carbon 

membranes. The influence of dip coating-carbonization cycles and dipping time during 

membrane fabrication resulted in a uniform membrane with pinhole-free particle layer 

and specific pore diameter. When the soaking time was increased from 30 to 120 min, 

CO2 permeance and CO2/CH4 selectivity increased up to 180% and 86%, respectively. 

The study also revealed that membrane PI-based carbon membrane with addition of 7 

wt% of NCC featured excellent permeation properties with permeance of 3.13 ± 1.56 

GPU and 213.56 ± 2.17 GPU for CH4 and CO2 gases, respectively. PI/NCC carbon 

membrane exhibited the highest CO2/CH4 selectivity of 68.23 ± 3.27 GPU under argon 

carbonization environment, 120 min thermal soaking time, two times coating-

carbonization cycles, and 45 minutes coating duration. 
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ABSTRAK 

 

 

 

 

Dalam teknologi membran, membran polimer merupakan membran komersial 

yang biasa digunakan untuk pemisahan karbon dioksida (CO2). Keterbatasan membran 

polimer komersial telah mendorong penyelidik untuk mengkaji alternatif lain, iaitu 

membran bukan organik, disebabkan oleh kestabilan haba yang lebih tinggi, ketahanan 

kimia yang baik terhadap pelarut, kekuatan mekanikal yang lebih tinggi dan jangka 

hayat yang lebih lama. Dalam kajian ini, membran karbon baharu disokong oleh tiub 

alumina berliang dengan prestasi pemisahan CO2 unggul telah dihasilkan melalui 

pengkarbonan P84 ko-polimida (PI) diadunkan dengan jenis bahan tambah berbeza 

seperti polivinilpirolidona, selulosa mikrokristal, dan selulosa nanokristal (NCC). 

Penyediaan membran karbon ini melibatkan tiga proses utama: (a)penyediaan 

membran prapenanda polimer dop, (b)langkah salutan dan (c)proses rawatan haba. 

Pengaruh formulasi dop, keadaan pengkarbonan, dan parameter salut-celup terhadap 

prestasi pemisahan gas membran karbon telah dinilai. Semua sampel membran telah 

dicirikan dengan menggunakan mikroskop elektron imbasan, analisis termogravimetri, 

pembelauan sinar-X, analisis raman, porosimeter merkuri, dan infra-merah jelmaan 

Fourier. Ujian penelapan gas tulen membran yang dihasilkan juga telah dilakukan 

dengan menggunakan CO2, dan metana (CH4). Kesan penambahan bahan tambah, 

keadaan pengkarbonan dan parameter salut-celup telah menunjukkan peningkatan 

yang ketara ke atas sifat-sifat fisiokimia dan penelapan gas. Penambahan bahan 

tambah meningkatkan prestasi pemisahan gas berbanding dengan membran karbon 

berasaskan polimer tunggal, di mana bahan tambah NCC didapati paling baik dengan 

peningkatan 36% untuk penelapan CO2. Perubahan beberapa persekitaran gas semasa 

proses pengkarbonan dengan argon, helium, dan nitrogen menunjukkan bahawa 

persekitaran argon memberikan peningkatan 32% dan 12%, masing-masing terhadap 

penelapan CO2 dan sifat kememilihan CO2/CH4. Ini disebabkan oleh tahap membran 

karbon yang lebih tinggi dan pecutan ketara terhadap tindakbalas degradasi pada 

membran karbon. Pengaruh kitaran pengkarbonan celup-salutan dan masa celupan 

semasa fabrikasi membran menghasilkan membran yang sekata dengan tanpa serpihan 

lubang dan diameter pori tertentu. Penelapan CO2 dan sifat kememilihan CO2/CH4 

masing-masing meningkat sehingga 180% dan 86% apabila masa rendam haba 

dinaikkan daripada 30 hingga 120 minit. Kajian juga menunjukkan bahawa membran 

karbon berasas PI dengan 7% berat NCC menampilkan ciri-ciri penelapan gas yang 

sangat baik dengan nilai sebanyak 3.13 ± 1.56 GPU dan 213.56 ± 2.17 GPU untuk 

CH4 dan CO2. Membran karbon PI/NCC mempamerkan sifat kememilihan CO2/CH4 

tertinggi, iaitu 68.23 ± 3.27 GPU di bawah persekitaran pengkarbonan gas argon, 120 

minit masa rendaman haba, dua kali kitaran pengkarbonan salutan, dan tempoh masa 

salutan 45 minit. 
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CHAPTER 1 

INTRODUCTION 

 

 

 

 

1.1 Research Background 

 

 

Natural gas is considered as an important source of fuel, as well as a primary 

feedstock for most petrochemical industries. It was reported the global consumption 

of natural gas is projected to increase up to 182 trillion cubic feet by the year 2030 

from 95 trillion cubic feet recorded in 2003 (Yeo et al., 2012). The separation of 

natural gas by thin barriers known as membranes has been verified to be economically 

and technically excellent technology by previous researchers (Adewole et al., 2013a). 

In comparison with other sources of energy such as fossil fuel, natural gas is mostly 

considered as a clean source of energy. However, raw natural gas generally is not free 

of impurities. The large component constitutes of methane (CH4) and other 

hydrocarbons such as ethane (C2H6), propane (C3H8), butane (C4H10), CO2 co-exists. 

Moreover, other impurities such as hydrogen sulphide (H2S), sulphur dioxide (SO2) 

and nitrogen (N2) are also present (Scholes et al., 2012b). Removal of these types of 

impurities is crucial in minimizing issues related to fouling, corrosion, and pipeline 

rupture (Chua et al., 2013). In addition, removal of CO2 from natural gas is important 

to increase the calorific value and transportability of the natural gas in the pipeline 

(Adewole et al., 2013a, Ahmad et al., 2015). 

 

 

The application of membrane in gas separation is a dynamic and rapidly 

growing field. They have drawn much attention by offering a number of advantages 

including ease of operation (no moving parts), low energy requirements and the overall 

economics of low-scale operation (Rufford et al., 2012). Nowadays, gas separation is 
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one of the premier applications of membrane technology. The improvement of gas 

separation membranes in the past few years have accelerated in gas refining 

applications, especially natural gas. Membrane for gas separation technology can be 

marked as a competing industrial gas separation technique (Zhang et al., 2013, 

Adewole et al., 2013a). CO2 capture from power plant flue gas and subsequent 

sequestration is expected to play a key role in mitigating global climate change. It is 

known that CO2 is not only the main greenhouse gas but also an important potential 

carbon source, therefore, the capture and separation of CO2 has attracted worldwide 

attention (Tena et al., 2015). CO2 has greater solubility coefficient than other light 

gases such as H2, N2 and CH4, due to its high condensability. It has been pointed out 

that the polar groups such as carbonyl, ether, acetate groups etc have affinity for CO2. 

Thus, polymer containing these groups may achieve high CO2 selectivity (Ho et al., 

2008).  

 

 

Carbon membrane is one of the potential methods to remove CO2 from natural 

gas. The interest on this membrane for gas separation has increased because of their 

molecular sieving properties that provide better selectivity and their higher thermal 

and chemical stability than the polymeric membranes. Due to the fragile characteristic 

of the thin carbon selective layer, the carbon membranes must be manufactured along 

with porous support, usually ceramic or metallic, for commercial purposes. Thus, a 

membrane with an improved mechanical resistance and thermal stability, supporting 

high temperatures and pressures, ideal characteristics has been fabricated for gas 

separation in several applications. Supported carbon membrane has attracted great 

attention due to its superior CO2 separation and high mechanical strength. As mention 

by Hosseini and Chung (2009), carbon membrane is stable in several harsh 

environments such as under strong acid and base as well as at elevated pressure and 

temperature (Hosseini and Chung, 2009a). In the presence of high porosity and 

opening microspores that smaller than 0.5nm, high selective carbon membrane can be 

achieved. Carbon membranes are created from carbonization of polymeric precursor 

that consists of irregular microspores. During carbonization, thermally unstable 

polymer components would have evaporated and break the original polymer 

backbones. As a result, carbon membranes with highly porous, more open pores were 

created. The pores created were constructed in size and might allow molecular 
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separation by size and shape. These membranes offer great potential for operations 

with low maintenance, low energy demand, ease in scaling up and reliability.  

 

 

 

 

1.2 Problem Statements 

 

 

Polymer blend membranes of different polymer pairs have been reviewed and 

evaluated in terms of phase behaviour, permeability, and selectivity. The development 

of carbon membranes using polymer blend materials are among attractive strategies to 

improve their performances. The secondary polymer for blending are commonly 

possess low degradation temperature compared to primary polymer. Thus, during the 

carbonization process, the early degradation of the secondary polymer would create 

pore networks. This allows membrane to be more permeable compared to membrane 

without the additives, and potentially increase the gas pair selectivity. A variety of 

polymer blends has been explored in these recent years (Tiptipakorn et al., 2007, 

Hosseini et al., 2014b, Pirouzfar et al., 2014, Yong et al., 2016). In this current study, 

we incorporated this method in the application of carbon membranes by addition of 

polyvinylpyrrolidone (PVP), microcrystalline cellulose (MCC), and nanocrystalline 

cellulose (NCC) as an additives. All these three additives believed to exhibit enhanced 

performance in comparison to single polymer-based carbon membranes. However, 

there are still lack of comparatives studies on those potential additives. Thus, choosing 

an appropriate polymer pairs for carbon membrane fabrication with an optimum 

composition is essential to overcome limitations in polymeric membrane applications 

(Itta et al., 2011).  In the case of carbon membrane, the challenge factor is due to the 

issue of poor mechanical stability (He and Hägg, 2011). Hence, a membrane with a 

better separation properties and improved thermal stability and mechanical strength is 

needed to fully utilize the potential of this membrane technology in gas separation. 

Thus, membrane coated was prepared in this study. The purpose of choosing the 

membrane coated configuration is to overcome the poor mechanical strength that 

exhibited by unsupported carbon membrane.  

 

  On the other hand, it is reported that the gas permeation performance of the 

prepared carbon membrane are depending on the carbonization conditions during the 
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carbon membrane preparation steps (Salinas et al., 2016a, Cipriani et al., 2016, Abu 

El Hawa et al., 2015, Llosa Tanco et al., 2015a). There are two crucial process 

parameters which are gas environment and thermal soak time, that need to be 

considered to fine tune the final properties of the carbon membrane. Therefore, in this 

study, attempts are made to investigate the effect of gas environments and thermal 

soak times during the carbonization process on the physiochemical properties and gas 

permeation performance of the prepared coated membrane. By manipulating gas 

environments conditions, the production of higher order degree of carbon membrane 

can be achieved. In addition, a significant acceleration of the degradation reaction on 

carbon membranes can be achieved which lead to the formation of smaller pore size 

(Song et al., 2010). Carbon membranes that carbonized from inert gasses shows 

superior gas separation performance with more open porous structure compared with 

those membranes that carbonized under vacuum environment; indicating that carbon 

membrane will possess smallest pores and low gas separation performance. Carbon 

membrane with a longer isothermal time (thermal soak time) results in more selective 

but less productive membranes (Favvas et al., 2015).  

 

 

Furthermore, in the preparation of coated membrane, there are several types of 

coating technique have been used by previous researches such as such as spin coating  

(Yong et al., 2013), spray coating (Acharya and Foley, 1999), dip coating (Arabi 

Shamsabadi et al., 2014, Qin et al., 2015), slip-coating (Kim et al., 2016, Lee et al., 

2016) and brush coating (Han et al., 2016). Besides the types of coating technique, the 

effect of coating conditions is also play an important role in order to produce 

membrane with good separation performances. By comparing with all coating 

methods, dip-coating methods are most simple, inexpensive and most desirable choice 

for industrial applications. Dip-coating method will provide such good process 

parameters such as dip coating cycles and dipping time during membrane fabrication 

to obtain membrane with specific pore diameter. Therefore, these process conditions 

should be encouraged. Previous study by Kargari and co-workers, mentioned that by 

increasing the number of sequential dip-coatings, selectivity increased due to plugging 

or sealing the uncovered pores and defects in the membrane surface. The results 

indicate that two times coating-carbonization cycle would give superior performance 

on membrane selectivity (Kargari et al., 2014). Therefore, the effect of dip-coating 
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process parameter such as coating-carbonization cycle and coating time towards the 

gas permeation performance will be investigated. Apart from author knowledge, by 

applying a tangential flow of suspension against the support during drying and dip-

coating process, it will result in a dynamic particle deposition. The idea is to obtain a 

uniform and pinhole-free particle layer by the interaction of suspension tangential flow 

with the supported.  

 

 

 

 

1.3 Objectives of Study 

 

 

Based on the problem statement discussed previously, the objectives of this research 

are outlined as follows: 

 

 

i. To investigate the effect of dope formulations (types of additives) on the 

morphological, thermal, and structural properties of the coated carbon 

membrane.  

ii. To investigate the effect of coated carbon membrane preparation conditions on 

the morphological, thermal, and structural properties of carbon membrane.  

iii. To evaluate the natural gas purification performance of the prepared tubular 

membrane. 

 

 

 

 

1.4 Scopes of study 

 

 

In order to achieve the above-mentioned objectives, the following scopes of 

study are performed: 

 

 

i. Fabricating supported polymeric and carbon membrane using tubular alumina 

ceramic with 15wt% P84 co-polyimide as main precursor. 
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ii. Fabricating flat-sheet polymeric and carbon membrane without support for 

characterization purpose as the presence of support would hinders most of 

characterizations used . 

iii. Fabricating coated polymeric and carbon membrane with different additives 

types (polyvinylpyrolidone (PVP), microcrystalline cellulose (MCC) and 

synthesized nanocrystalline cellulose (NCC)) and composition (5 to 9 wt. %) 

via dip-coating technique. 

iv. Characterizing polymeric and carbon membranes by using Characterizing 

polymeric precursor and carbon membranes by using Thermogravimetric 

Analysis (TGA), X-ray Diffraction Analysis (XRD), Scanning Electron 

Microscopy (SEM), Mercury Porosimetry, Raman Spectroscopy, and Fourier 

Transform Infrared Spectroscopy (FTIR). 

v. Fabricating coated carbon membranes at different carbonization conditions 

(gas environment: N2, Ar, and He; thermal soak time: 30, 60, and 90 minutes). 

vi. Fabricating coated carbon membranes at different dip-coating parameters 

(coating-carbonization cycle: 1, 2, 3, and 4; coating time: 15, 30, and 45, and 

60 minutes).  

vii. Conducting the pure gas permeation test using carbon dioxide (CO2), and 

methane (CH4) at room temperature with 8bars pressure. 

 

 

 

1.5 Significance of the Study 

 

 

It was acknowledged that polyimide embedded with additives have been 

studied in gas separation applications. However, a little attention has been given on 

the use of an additives in the preparation of supported carbon membranes. Therefore, 

attempts are made to investigate the potential of different types of additives such as 

PVP, MCC, and NCC in the preparation of supported carbon membranes for CO2/CH4 

separation. On the other hand, the used of tubular as supported on the preparation of 

carbon membrane would provide better alternative ways to enhance the mechanical 
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strength of the prepared carbon membrane. However, the characterization of all 

resultant membrane have been done by flat sheet configuration due to limitations of 

support membrane. The findings from this study would also provide a better 

understanding on the underlying principle on the fabrication of supported carbon 

membrane for CO2 separation by considering physicochemical properties and gas 

permeation performance. 

 

 

 

 

1.6 Organization of the Thesis 

 

 

The thesis consists of 5 chapters. Chapter 1 describes the brief information 

concerning the gas separation industries, current challenges in membrane technology 

and an introduction of carbon membrane. In addition, the problem statements, 

objectives and scopes of the study have also been provided in this chapter. Chapter 2 

provides background information relevant to the gas separation technologies and their 

limitations as well as the past and current works on the development of membrane as 

a new approach for higher permeance and selectivity. Furthermore, the challenges and 

factors during fabrication of carbon membrane are also discussed. A comprehensive 

discuss on experimental methods and characterization techniques used throughout the 

study are explained in Chapter 3. In Chapter 4, the effect of dope formulation on the 

physicochemical and gas permeation properties of the tubular carbon membrane 

prepared from various additives were discussed. In this study, different thermally 

labile additives such as polyvinylpyrrolidone (PVP), microcrystalline cellulose (MCC) 

and nanocrystalline cellulose (NCC) were introduced in the P84 co-polyimide polymer 

solution. This chapter also includes the findings on the effects of carbonization 

conditions on the physicochemical and gas permeation properties of the tubular carbon 

membrane. In addition, the findings on the effects of coating conditions on the 

physicochemical and gas permeation properties of the tubular carbon membrane are 

briefly discussed. Finally, the general conclusions based on the findings and some 

recommendations for future works are provided in Chapter 5.  

 



141 

 

 

REFERENCES 

 

 

Abedini, R. & Nezhadmoghadam, A. (2010). Application of membrane in gas 

separation processes: its suitability and mechanisms. Petroleum and Coal. 

Abu El Hawa, H. W., Lundin, S.-T. B., Paglieri, S. N., Harale, A. & Douglas Way, J. 

(2015). The influence of heat treatment on the thermal stability of Pd composite 

membranes. Journal of Membrane Science, 494, 113-120. 

Acharya, M. & Foley, H. C. (1999). Spray-coating of nanoporous carbon membranes 

for air separation. Journal of Membrane Science, 161, 1-5. 

Adewole, J. K., Ahmad, A. L., Ismail, S. & Leo, C. P. (2013). Current challenges in 

membrane separation of CO2 from natural gas: A review. International 

Journal of Greenhouse Gas Control, 17, 46-65. 

Ahmad, A. L., Adewole, J. K., Leo, C. P., Ismail, S., Sultan, A. S. & Olatunji, S. O. 

(2015). Prediction of plasticization pressure of polymeric membranes for CO2 

removal from natural gas. Journal of Membrane Science, 480, 39-46. 

Ahmad, N. A., Leo, C. P., Ahmad, A. L. & Mohammad, A. W. (2016). Separation of 

CO2 from hydrogen using membrane gas absorption with PVDF/PBI 

membrane. International Journal of Hydrogen Energy, 41, 4855-4861. 

Alexander Stern, S. (1994). Polymers for gas separations: the next decade. Journal of 

Membrane Science, 94, 1-65. 

Ansaloni, L., Baschetti, M. G., Minelli, M. & Sarti, G. C. (2012). Study of Transport 

Properties of Matrimid Polyimide: Effect of Thermal History and of Physical 

Aging. Procedia Engineering, 44, 840-842. 

Arabi Shamsabadi, A., Kargari, A. & Bahrami Babaheidari, M. (2014). Preparation, 

characterization and gas permeation properties of PDMS/PEI composite 

asymmetric membrane for effective separation of hydrogen from H2/CH4 

mixed gas. International Journal of Hydrogen Energy, 39, 1410-1419. 

Bai, H., Wang, X., Zhou, Y. & Zhang, L. (2012). Preparation and characterization of 

poly (vinylidene fluoride) composite membranes blended with nano-crystalline 

cellulose. Progress in Natural Science: Materials International, 22, 250-257. 



142 

 

 

Bakeri, G., Ismail, A. F., Rana, D. & Matsuura, T. (2012). Development of high 

performance surface modified polyetherimide hollow fiber membrane for gas–

liquid contacting processes. Chemical Engineering Journal, 198–199, 327-

337. 

Bakeri, G., Matsuura, T. & Ismail, A. F. (2011). The effect of phase inversion 

promoters on the structure and performance of polyetherimide hollow fiber 

membrane using in gas–liquid contacting process. Journal of Membrane 

Science, 383, 159-169. 

Banerjee, S., Maier, G., Dannenberg, C. & Spinger, J. (2004). Gas permeabilities of 

novel poly (arylene ether)s with terphenyl unit in the main chain. Journal of 

Membrane Science, 229, 63-71. 

Barbosa-Coutinho, E., Salim, V. M. M. & Piacsek Borges, C. (2003). Preparation of 

carbon hollow fiber membranes by pyrolysis of polyetherimide. Carbon, 41, 

1707-1714. 

Barsema, J. N., Klijnstra, S. D., Balster, J. H., Van Der Vegt, N. F. A., Koops, G. H. 

& Wessling, M. (2004). Intermediate polymer to carbon gas separation 

membranes based on Matrimid PI. Journal of Membrane Science, 238, 93-102. 

Barsema, J. N., Van Der Vegt, N. F. A., Koops, G. H. & Wessling, M. (2002). Carbon 

molecular sieve membranes prepared from porous fiber precursor. Journal of 

Membrane Science, 205, 239-246. 

Basu, S., Cano-Odena, A. & Vankelecom, I. F. J. (2010). Asymmetric membrane 

based on Matrimid® and polysulphone blends for enhanced permeance and 

stability in binary gas (CO2/CH4) mixture separations. Separation and 

Purification Technology, 75, 15-21. 

Belbekhouche, S., Bras, J., Siqueira, G., Chappey, C., Lebrun, L., Khelifi, B., Marais, 

S. & Dufresne, A. (2011). Water sorption behavior and gas barrier properties 

of cellulose whiskers and microfibrils films. Carbohydrate Polymers, 83, 

1740-1748. 

Bhuwania, N., Labreche, Y., Achoundong, C. S. K., Baltazar, J., Burgess, S. K., 

Karwa, S., Xu, L., Henderson, C. L., Williams, P. J. & Koros, W. J. (2014). 

Engineering substructure morphology of asymmetric carbon molecular sieve 

hollow fiber membranes. Carbon, 76, 417-434. 

Borjigin, H., Stevens, K. A., Liu, R., Moon, J. D., Shaver, A. T., Swinnea, S., Freeman, 

B. D., Riffle, J. S. & Mcgrath, J. E. (2015). Synthesis and characterization of 



143 

 

 

polybenzimidazoles derived from tetraaminodiphenylsulfone for high 

temperature gas separation membranes. Polymer, 71, 135-142. 

Briceño, K., Basile, A., Tong, J. & Haraya, K. 2013. 10 - Carbon-based membranes 

for membrane reactors. In: BASILE, A. (ed.) Handbook of Membrane 

Reactors. Woodhead Publishing. 

Briceño, K., Iulianelli, A., Montané, D., Garcia-Valls, R. & Basile, A. (2012a). Carbon 

molecular sieve membranes supported on non-modified ceramic tubes for 

hydrogen separation in membrane reactors. International Journal of Hydrogen 

Energy, 37, 13536-13544. 

Briceño, K., Montané, D., Garcia-Valls, R., Iulianelli, A. & Basile, A. (2012b). 

Fabrication variables affecting the structure and properties of supported carbon 

molecular sieve membranes for hydrogen separation. Journal of Membrane 

Science, 415-416, 288-297. 

Brinchi, L., Cotana, F., Fortunati, E. & Kenny, J. M. (2013). Production of 

nanocrystalline cellulose from lignocellulosic biomass: Technology and 

applications. Carbohydrate Polymers, 94, 154-169. 

Brunetti, A., Scura, F., Barbieri, G. & Drioli, E. (2010). Membrane technologies for 

CO2 separation. Journal of Membrane Science, 359, 115-125. 

Carapellucci, R., Giordano, L. & Vaccarelli, M. (2015). Study of a Natural Gas 

Combined Cycle with Multi-Stage Membrane Systems for CO2 Post-

Combustion Capture. Energy Procedia, 81, 412-421. 

Centeno, T. A. & Fuertes, A. B. (1999). Supported carbon molecular sieve membranes 

based on a phenolic resin. Journal of Membrane Science, 160, 201-211. 

Centeno, T. A., Vilas, J. L. & Fuertes, A. B. (2004). Effects of phenolic resin pyrolysis 

conditions on carbon membrane performance for gas separation. Journal of 

Membrane Science, 228, 45-54. 

Chang, J., He, M., Niu, H., Sui, G. & Wu, D. (2016). Structures and properties of 

polyimide/polyacrylonitrile blend fibers during stabilization process. Polymer, 

89, 102-111. 

Chatzidaki, E. K., Favvas, E. P., Papageorgiou, S. K., Kanellopoulos, N. K. & 

Theophilou, N. V. (2007). New polyimide–polyaniline hollow fibers: 

Synthesis, characterization and behavior in gas separation. European Polymer 

Journal, 43, 5010-5016.  



144 

 

 

Chen, H. Z., Thong, Z., Li, P. & Chung, T.-S. (2014). High performance composite 

hollow fiber membranes for CO2/H2 and CO2/N2 separation. International 

Journal of Hydrogen Energy, 39, 5043-5053. 

Chen, X., Kuo, D.-H. & Lu, D. (2016). N-doped mesoporous TiO2 nanoparticles 

synthesized by using biological renewable nanocrystalline cellulose as 

template for the degradation of pollutants under visible and sun light. Chemical 

Engineering Journal, 295, 192-200. 

Cheng, L.-H., Fu, Y.-J., Liao, K.-S., Chen, J.-T., Hu, C.-C., Hung, W.-S., Lee, K.-R. 

& Lai, J.-Y. (2014). A high-permeance supported carbon molecular sieve 

membrane fabricated by plasma-enhanced chemical vapor deposition followed 

by carbonization for CO2 capture. Journal of Membrane Science, 460, 1-8. 

Chu, P. K. & Li, L. (2006). Characterization of amorphous and nanocrystalline carbon 

films. Materials Chemistry and Physics, 96, 253-277. 

Chua, M. L., Xiao, Y. C. & Chung, T.S. (2013). Modifying the molecular structure 

and gas separation performance of thermally labile polyimide-based 

membranes for enhanced natural gas purification. Chemical Engineering 

Science, 104, 1056-1064. 

Cipriani, E., Zanetti, M., Bracco, P., Brunella, V., Luda, M. P. & Costa, L. (2016). 

Crosslinking and carbonization processes in PAN films and nanofibers. 

Polymer Degradation and Stability, 123, 178-188. 

Cui, S., Zhang, S., Ge, S., Xiong, L. & Sun, Q. (2016). Green preparation and 

characterization of size-controlled nanocrystalline cellulose via ultrasonic-

assisted enzymatic hydrolysis. Industrial Crops and Products, 83, 346-352. 

Dalane, K., Dai, Z., Mogseth, G., Hillestad, M. & Deng, L. (2017). Potential 

applications of membrane separation for subsea natural gas processing: A 

review. Journal of Natural Gas Science and Engineering, 39, 101-117. 

Das, K., Ray, D., Bandyopadhyay, N. R. & Sengupta, S. (2010). Study of the 

Properties of Microcrystalline Cellulose Particles from Different Renewable 

Resources by XRD, FTIR, Nanoindentation, TGA and SEM. Journal of 

Polymers and the Environment, 18, 355-363. 

Dasan, Y. K., Bhat, A. H. & Ahmad, F. (2017). Polymer blend of PLA/PHBV based 

bionanocomposites reinforced with nanocrystalline cellulose for potential 

application as packaging material. Carbohydrate Polymers, 157, 1323-1332. 



145 

 

 

David, L. I. B. & Ismail, A. F. (2003). Influence of the thermastabilization process and 

soak time during pyrolysis process on the polyacrylonitrile carbon membranes 

for O2/N2 separation. Journal of Membrane Science, 213, 285-291. 

Dixit, B. C., Dixit, R. B. & Desai, D. J. (2009). Synthesis, Characterization and 

Material Application of Novel Polyimide. International Journal of Polymeric 

Materials and Polymeric Biomaterials, 58, 229-242. 

El-Sakhawy, M. & Hassan, M. L. (2007). Physical and mechanical properties of 

microcrystalline cellulose prepared from agricultural residues. Carbohydrate 

Polymers, 67, 1-10. 

Esposito, E., Clarizia, G., Bernardo, P., Jansen, J. C., Sedláková, Z., Izák, P., Curcio, 

S., Cindio, B. D. & Tasselli, F. (2015). Pebax®/PAN hollow fiber membranes 

for CO2/CH4 separation. Chemical Engineering and Processing: Process 

Intensification, 94, 53-61. 

Fan, H., Ran, F., Zhang, X., Song, H., Jing, W., Shen, K., Kong, L. & Kang, L. (2014). 

A hierarchical porous carbon membrane from 

polyacrylonitrile/polyvinylpyrrolidone blending membranes: Preparation, 

characterization and electrochemical capacitive performance. Journal of 

Energy Chemistry, 23, 684-693.  

Favvas, E. P., Heliopoulos, N. S., Papageorgiou, S. K., Mitropoulos, A. C., 

Kapantaidakis, G. C. & Kanellopoulos, N. K. (2015). Helium and hydrogen 

selective carbon hollow fiber membranes: The effect of pyrolysis isothermal 

time. Separation and Purification Technology, 142, 176-181. 

Favvas, E. P., Kapantaidakis, G. C., Nolan, J. W., Mitropoulos, A. C. & 

Kanellopoulos, N. K. (2007). Preparation, characterization and gas permeation 

properties of carbon hollow fiber membranes based on Matrimid® 5218 

precursor. Journal of Materials Processing Technology, 186, 102-110. 

Fernández-Barquín, A., Casado-Coterillo, C., Palomino, M., Valencia, S. & Irabien, 

A. (2016). Permselectivity improvement in membranes for CO2/N2 separation. 

Separation and Purification Technology, 157, 102-111. 

Fu, Y.J., Liao, K.S., Hu, C.C., Lee, K.R. & Lai, J.Y. (2011). Development and 

characterization of micropores in carbon molecular sieve membrane for gas 

separation. Microporous and Mesoporous Materials, 143, 78-86. 

Fu, S., Wenz, G.B., Sanders, E. S. Kulkarni, S.S., Qiu, W., Ma, C., & Koros, W.J. 

(2016). Effects of pyrolysis conditions on gas separation properties of 



146 

 

 

6FDA/DETDA:DABA(3:2) derived carbon molecular sieve membranes. 

Journal of Membrane Science, 520, 699-711. 

Fuertes, A. B. (2000). Adsorption-selective carbon membrane for gas separation. 

Journal of Membrane Science, 177, 9-16. 

Fuertes, A. B. (2001). Effect of air oxidation on gas separation properties of 

adsorption-selective carbon membranes. Carbon, 39, 697-706. 

Fuertes, A. B. & Centeno, T. A. (1999). Preparation of supported carbon molecular 

sieve membranes. Carbon, 37, 679-684. 

Fuertes, A. B., Nevskaia, D. M. & Centeno, T. A. (1999). Carbon composite 

membranes from Matrimid® and Kapton® polyimides for gas separation. 

Microporous and Mesoporous Materials, 33, 115-125. 

Garrido, M. A. & Font, R. (2015). Pyrolysis and combustion study of flexible 

polyurethane foam. Journal of Analytical and Applied Pyrolysis, 113, 202-215. 

Geiszler, V. C. & Koros, W. J. (1996). Effects of Polyimide Pyrolysis Conditions on 

Carbon Molecular Sieve Membrane Properties. Industrial & Engineering 

Chemistry Research, 35, 2999-3003. 

George, G., Bhoria, N., Alhallaq, S., Abdala, A. & Mittal, V. (2016). Polymer 

membranes for acid gas removal from natural gas. Separation and Purification 

Technology, 158, 333-356. 

Grainger, D. & Hägg, M.-B. (2008). The recovery by carbon molecular sieve 

membranes of hydrogen transmitted in natural gas networks. International 

Journal of Hydrogen Energy, 33, 2379-2388. 

Grosso, V., Vuono, D., Bahattab, M. A., Di Profio, G., Curcio, E., Al-Jilil, S. A., 

Alsubaie, F., Alfife, M., B.Nagy, J., Drioli, E. & Fontananova, E. (2014). 

Polymeric and mixed matrix polyimide membranes. Separation and 

Purification Technology, 132, 684-696. 

H.P.S, A. K., Saurabh, C. K., A.S, A., Nurul Fazita, M. R., Syakir, M. I., Davoudpour, 

Y., Rafatullah, M., Abdullah, C. K., M. Haafiz, M. K. & Dungani, R. (2016). 

A review on chitosan-cellulose blends and nanocellulose reinforced chitosan 

biocomposites: Properties and their applications. Carbohydrate Polymers, 150, 

216-226. 

Ha J.H., Bukhari S. Z. A., Lee J., Song I. H., and Park C. (2016). Preparation processes 

and characterizations of alumina-coated alumina support layers and alumina-



147 

 

 

coated natural material-based support layers for microfiltration. Ceramics 

International, 42, 13796-13804. 

Haafiz, M. K. M., Hassan, A., Zakaria, Z. & Inuwa, I. M. (2014). Isolation and 

characterization of cellulose nanowhiskers from oil palm biomass 

microcrystalline cellulose. Carbohydrate Polymers, 103, 119-125. 

Hameed, N., Sharp, J., Nunna, S., Creighton, C., Magniez, K., Jyotishkumar, P., Salim, 

N. V. & Fox, B. (2016). Structural transformation of polyacrylonitrile fibers 

during stabilization and low temperature carbonization. Polymer Degradation 

and Stability, 128, 39-45. 

Hamm, J.B.S., Muniz, A.R., Pollo, L.D., Marcilio, N.R., & Tessaro, I.C. (2017). 

Experimental and computational analysis of carbon molecular sieve membrane 

formation upon polyetherimide pyrolysis. Carbon, 119, 21-29. 

Han, Z., Wang, Y., Yang, Z. & Han, M. (2016). Electrochemical Properties of Tubular 

SOFC Based on a Porous Ceramic Support Fabricated by Phase-Inversion 

Method. Journal of Materials Science & Technology, 32, 681-686. 

Hatori, H., Takagi, H. & Yamada, Y. (2004). Gas separation properties of molecular 

sieving carbon membranes with nanopore channels. Carbon, 42, 1169-1173. 
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