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A comprehensive requirement in terms of efficient strategies in collecting reasonably 
high purity of H2 is predicted due to the development of hydrogen (H2)-based 
economy. The purpose of a H2- selective membrane is to exploit the high diffusivity 
features of H2 and also to limit the consequence of lower solubility. Owing by its highly 
permeable and selective characteristics, carbon membranes provide great potential 
in gas separation industry. Hence, the objective of this study is to examine the effect 
of carbonization parameter, in particular the composition of polymer on the 
properties of gas separation. Matrimid 5218 was used as a precursor for the 
fabrication of carbon tubular membrane to manufacture a carbon membrane with 
high quality through the process of carbonization. The surface of tubular ceramic 
tubes was coated with polymer solution via dip-coating technique. The dip-coating 
method provides an excellent potential in the manufacture of defect-free carbon 
membrane. The resultant Matrimid 5218-based carbon tubular membranes were 
characterized in terms of structural morphology using scanning electron microscopy 
(SEM), chemical structure using Fourier transform infrared (FTIR), thermal stability, 
and gas permeation properties using pure gas permeation system. The best 
formulation for Matrimid 5218-based carbon tubular membrane fabrication was 
shown by the polymer solution containing 15wt% of Matrimid 5218. The highest 
H2/N2 selectivity of 401.08±2.56 was achieved by carbon membrane carbonized at 
800°C with 2°C/min of heating rate. 
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1. Introduction 
 

Despite the fact that the idea of membrane utilization had been made earlier, the practical and 
effective use of hollow fiber membranes with small diameter was introduced only in the late 70s 
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before DuPont pioneered its implementation. Nonetheless, the yields of hollow fibers of the first 
generation were very limited to satisfy the necessity for economical gas separations. Monsanto Co. 
addressed the problem by producing multicomponent polysulfone hollow fiber membranes for the 
recovery of hydrogen. Restriction of the discerning and dense fiber areas to a very limited space has 
greatly improved the transport properties of the fibers. The utilization of such asymmetric 
membranes for hydrogen recovery from ammonia purge gases has been effective in industrial-scale. 
Subsequently, Separex Corp. created the Separex® spiral, a wound cellulose acetate membrane 
targeting the same types of separation as previous technology, besides purification and dehydration 
of natural gas [1]. Cellulose acetate membranes exhibit great performance mainly because of their 
high resistance to impurities from hydrocarbon. Membrane technology was typically found in the 
mid- 1980s to advance other applications such as hydrogen recovery from recycling of refining gas. 
In Japan, a polyimide membrane with the best solvent and heat resistance characteristics was 
initially introduced by Ube. The first application of this membrane was made by Seibu Oil’s Onoba 
City refinery. 

Recently, the economic development of H2 is the main factor contributing to the growing 

interest in hydrogen recovery, which has been seen as the key option for energy sources, benefiting 
the industrialized nations with various energy-intensive industries. Proton-exchange membrane 
(PEM) fuel cell is a strong candidate for power generation to replace the combustion of fossil fuel 
[2]. PEM uses hydrogen as the basis for the transformation of chemical energy into electrical energy. 
There are several remarkable benefits of the aforementioned fuel cells such as high fuel efficiency 
compared to internal-combustion engines, almost zero carbon monoxide, NOx or HC emitted, and 
low level of carbon dioxide generated [3]. Indeed, effective distribution of hydrogen supply is 
necessary for these fuel cells to be widely implemented. The potential for gas separation membranes 
to be deployed in this process is essential. Solution-diffusion mechanism is ineffective to remove 
completely the trace contaminants which restrict the economic competency of the polymeric 
substance, especially for high purity products. Nevertheless, the demand for further enhancement 
in the application of membranes for the separation of hydrogen gas is rational. 

The membrane-based separations process plays a very important part in various industrial 
processes for instance in the gas separation process. A great deal of effort is needed to develop new 
membrane formulations with great features in terms of selectivity and permeability. At the present 
time, carbon membranes are acknowledged as a viable option to be used in gas separation mainly 
because of their prominent separation properties. In fact, owing by its excellent selectivity and 
permeability properties, multiple reports have presented evidence that carbon membrane is a 
strong candidate for gas separation [4]. In addition, carbon membrane shows a superior 
performance without an increase in energy and cost of processing, as the cooling step is skipped 
[5]. The increase in ultra-micro porosity and free volume are prompted by the orientation 
dislocation of aromatic micro in glass-like matrix. Typically, microspores are almost slit-shaped with 
dimensions of the porous mouth as wide as the small molecules diameter [6]. The mechanisms of 
gas transport rely on both membrane and permeate properties. There are a few of separation 
mechanisms that are considered important for the process of gas separation, which are solution 
and Knudsen diffusions, and the molecular sieve effect. The above-mentioned mechanisms are 
found to be appropriate for material systems and limited number of gases. The solution-diffusion 
mechanism operates in line with the concept of high diffusion rate and high solubility of mixture 
component, in which it will dissolve and then diffuse through the membrane regardless of the 
component size. Moreover, solution-diffusion membranes are comprised of free volume sites that are 
not occupied by polymer chains because of their restricted motion and packing density [7]. 
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The components are transported through the membrane by uninterrupted movement of the 
transient free volume gaps close to the feed side with those close to the permeate side induced by 
the thermal motion of segments of the polymer chains. The previous works reported that the 
development of various mechanisms can be accomplished by transportation of gases through the 
porous membrane. These works provide a graphical diagram for mechanisms of gases permeation 
through porous and dense membranes [8]. Following the advances in the technology enhancement, 
separation requirements and its application, the requisite for new membrane materials is crucial to 
achieve the promising productivity and separation effectiveness. The morphology of the final 
membrane obtained is remarkably distinct, in which the main differences are from the properties 
of materials and process conditions. 

The pore size of carbon membranes must be greater than 30 Å in the pore diameter range to 
achieve a superior selectivity [9]. In its carbon matrix, carbon membranes have constraints which 
reach molecular dimensions of absorbing species [10]. The molecular sieve selectively permeates 
the three-dimensional molecules smaller than the size of planar shape with small cross-sections or 
slit widths [11]. Thus, gas molecules of the same sizes will be effectively separated by carbon 
membranes. The typical molecular sieving transport mechanism is shown in Figure 1. Through this 
mechanism, the separation occurs when the smaller molecules from the gas mixture pass through 
the pores while the larger molecules are simultaneously blocked. It shows the high permeability of 
the gas mixture and components selectivity [12]. 
 

 

Fig. 1. Typical mechanism of molecular 
sieving transport [12] 

 

In the early 1970, the concept of membrane for gas separation was discovered through the 
formation of polysulfone and cellulose esters [13]. The manufacturing process of inorganic 
membranes is usually done using pyrolyzed carbon, metals or ceramics. There are numerous studies 
reported on the compression of micro porous carbon particles into stainless steel plugs and the 

analysis of diffusion coefficients for various gases for example hydrogen (H2), nitrogen (N2), argon 

(Ar), helium (He), and krypton (Kr) [14]. Later in the 1980s, the growing interest in the production 
of carbon membranes started when previous researchers successfully fabricated the crack-free 
carbon molecular sieve membrane from cellulose hollow fiber membrane carbonization [15]. Since 
then, the number of research conducted and publications produced related to carbon membranes 
have been increasing [16]. In contrast to polymeric membranes, carbon membranes have higher 
selectivity and permeability; however, large-scale production of carbon membranes involves high 
cost and complicated process [17]. Therefore, the trade-off between good selectivity and 
permeability of membrane with the options of producing low-cost membrane is very much required. 
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The utilization of carbon membranes correlated to gas separation can be found in various industrial 
operations. The competency of gas separation process depends on the permeability and selectivity 
of a membrane material. 

There are two types of membranes according to their selectivity and density, namely porous 
membranes and nonporous membranes. Porous membrane has a rigid and highly voided structure 
which can facilitate the distribution of inter-connected pores. The separation of substances via porous 
membrane is generally a function of both of membrane and permeates characteristics, in particular 
the pore size distribution and the molecular size of membrane polymer. Fundamentally, membranes 
with micro porous structures can effectively separate molecules with a large size difference. A 
porous membrane is relatively comparable to the normal filter in terms of its function and 
configuration. In gas separation, porous membranes have high level of density with low selectivity 
value. Micro porous membranes characterization can be classified in accordance to membrane 
porosity, average diameter of pore, and membrane asymmetry. They show distinctive properties of 
carbon dioxide permeability with high selectivity towards methane, carbon dioxide and nitrogen. 
Carbon membranes consist of amorphous porous structure created by the evolution of volatile 
gases during the carbonization of polymeric precursor. Meanwhile, the carbon membrane porous 
structure consists of apertures or pores of near molecular dimension identical to the diffusing gas 
molecules [18]. The pore system of carbon membrane is typically non-homogeneous because of the 
presence of large opening in the midst of the unusual conditions. 

In accordance to its configuration, the structure of inorganic membranes can be divided into 
two primary groups, namely dense (non-porous) inorganic membranes and porous inorganic 
membranes. Dense or nonporous membranes imply prohibitive selectivity properties although the 
ratio of gas transport on the medium is typically small. It is worth to note that non-porous or dense 
membrane can separate permeants with similar size if their solubility in the membrane differs 
substantially. Carbon membrane with superior selectivity and permeability along with the excellent 
properties in terms of mechanical and chemical, has the possibility to be acknowledged worldwide. 
Previous studies stated that the asymmetric membranes which mainly affected by its high gas 
permeance are the most desired membrane structure for industrial applications [19]. For most 
cases, asymmetric membrane is typically applied in various gas separation applications to improve 
the permeability of the manufactured membrane. The membrane manufacturing process involves 
the preparation of asymmetric structures membranes by phase inversion techniques relating to 
both wet spinning and dry-wet spinning [20]. 

Carbon matrix is deemed to be impermeable and hence the pore system has a strong impact on 
permeation across carbon membranes. Partial burn off or activation technique not only used to 
broaden the carbon pore system, but also to harden at high temperatures in inert atmosphere allowing 
the pore to close, which have been deployed recently to determine gas permeability through the 
molecular dimensional carbon membrane pore system. The pore system consists of relatively large 
openings with compact structures [21]. The main sections of the pore volume are openings that are 
responsible for the adsorption efficiency; meanwhile the constrictions are responsible for the stereo 
selectivity of the pore penetration by host molecules and for the kinetics of penetration [22]. Thus, 
the diffusivity of gases in the carbon membrane varies significantly depending on the shape and size 
of the molecules, attributed to the ultra micropores found in the carbon membrane which have the 
pore size and critical dimensions of pore mouth almost the same as the dimension of gas molecules. 

Pore size in the carbon molecular sieve depends on the equilibrium between the removal of O2 
containing groups on the surface around the pore mouth (pore enlargement) and crystallite 
rearrangement enhancing sintering (pore shrinkage). 
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2. Steps Involved in Carbon Membrane Preparation 
 
The carbonization of aromatic polymers is usually used in the preparation of carbon membranes 

[23]. Carbonization is the most important method, and is often considered to be the center in the 
production of carbon membranes. Enhancing the performance of carbon membranes involve a few 
critical steps including precursor selection, membrane preparation and carbonization conditions. 
Additional advancement in terms of separation and technology development and its applications 
results in further obstacles such as the need for new membranes to achieve highly efficient and high 
productivity separation. The manufacture of carbon membranes is performed to overcome the 
limitations of the polymeric membranes. Figure 2 shows a schematic diagram for the preparation 
of carbon membranes. 

The selection of modified precursors may lead to different carbon membranes. Thus, the most 
important element is selecting the appropriate polymeric precursor. The choice of polymeric 
precursor materials is based on their chemical and thermal stability, a great combination of 
selectivity and permeability, and good mechanical properties to produce the desired carbon 
membrane. Polyimide-based carbon membrane shows promising maximum efficiency. The carbon-
built membrane with defect-free characteristics is derived from the polyimide membrane with the 
ability to withstand high temperature treatment without softening and decomposing instantly and 
abruptly. The use of these materials leads to the production of carbon membrane with high carbon 
yield and the ability to preserve their structure even after being heated at high temperatures 
attributed to an abnormally robust and unforeseen chemical and heat resistance [24]. 

 

 
Fig. 2. Schematic diagram for the 
preparation of carbon membranes 

 
3. Effect of Polymer Composition 

 
During the process of carbonization, the membrane morphology can be modified by making 

some adjustments to certain elements. The precursor composition, temperature, and process 
atmosphere are the factors that influence the resulting membrane during the process of 
carbonization. In contrast to other factors, polymer composition is the most indicative element, as 
it plays a big part in determining the membrane separation efficiency. The carbon membrane 
morphology can be modified through precursor composition with varying solvent evaporation rates. 
In general, low composition of polymer results in membrane with a larger pore size in contrast to 
high composition of polymer which results in non-selective carbon membrane production [25]. This 
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is attributed to the rapid evaporation of solvent. On the other hand, with high composition of 
polymer, slower phase inversion leads in restriction of gas permeation and slow evaporation of 
solvent resulting in a membrane having a thicker dense layer or smaller pore size. The detailed 
description of the evaporation of membrane solvents is discussed in polymeric membrane 
development. The carbon membrane need to have a particular pore size, which is sufficiently small 
to enable the targeted gas to pass through the membrane, separating it from the larger penetrant. 
Studies on the efficiency of carbon membrane with varying compositions of polymer should be 
conducted to analyze their behavior during polymeric precursor preparation [26-28]. This section 

emphasizes on carbonization process at temperature of 800°C under N2 condition, of five different 

Matrimid ® 5218 compositions namely 5 wt.%, 10 wt.%, 13 wt.%, 15 wt.% and 18 wt.%. The resultant 

membranes will be characterized using FTIR and SEM. The separation competency of membrane 

with varying compositions of polymer precursor is evaluated through gas permeation test using N2 

and H2. 

 
4. SEM Analysis 

 
The morphology structures of Matrimid-based membranes are determined using scanning 

electron microscopy (SEM), in which the structures significantly affect their performance in gas 
separation. Low composition of polymer typically results in rapid evaporation of solvent resulting in 
non-selective carbon membrane, meanwhile relatively slow phase inversion takes place at high 
composition of polymer resulting in the development of thicker dense layer caused by slow 
evaporation of solvent and limited gas permeation [29]. Such phenomena can be interpreted by the 
polymer chain entanglement prompted by polymer chain reorientation at different composition of 
polymer. Figure 3 shows the cross-sectional morphologies of carbon membrane prepared from 
varying compositions of polymer. 
 

 
Fig. 3. Cross-sectional morphologies of Matrimid-based membranes with compositions of (a) 5 wt.%; (b) 
10 wt.%; (c) 13 wt.%; (d) 15 wt.%; and (e) 18 wt.% 

 
Characterization study via SEM was conducted on dense carbon membrane manufactured 

without tubular support due to the complicated method in producing supported carbon membrane. 
Such situations arise during the process of stabilization. Densification happens through further 
heating of the membrane. The thickness of the membrane with 5 wt.% Matrimid was about 94.7 
µm. As the composition of polymer increased, the membrane thickness reduced. The membrane 
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thicknesses for the compositions of 10 wt.%, 13 wt.% and 15 wt.% were 86.3 µm, 72.9 µm and 63.2 
µm  respectively. Furthermore, the decreasing trend persisted with 18 wt.% Matrimid composition, 
in which the membrane thickness was 52.1 µm. The slow phase inversion allows the membrane 
thickness to decrease to a specific composition of polymer. The reason for this was that there was 
ample time for the polymer chain reorientation, resulted in a membrane with thinner dense layer 
[30]. On the other hand, because of the drastic polymer chain entanglement, a thicker membrane 
was generated if the composition of polymer was outside the range of the optimal composition. 
Similar compositions of polymer solution were used in the manufacture of tubular carbon 
membrane, in which its structure was developed during the dip-coating process. There were no 
major variations seen on the membrane structure at different compositions of polymer except for 
the variations in membrane thickness. Based on the composition of polymer accumulated on the 
ceramic support, varying structure of carbon membrane and gas permeation properties will be 
extracted after the process of carbonization. A substantial variation in the thickness of membrane 
was seen from the morphological images acquired from the SEM study, in which the evaporation of 
solvent was affected. The structure of the supported membrane acquired at the end of the process 
was determined by the degree of solvent removal and the composition of polymer. 

 
5. FTIR Results 

 
The molecular orientation of the Matrimid-based membrane was determined using Frontier 

Transform Infrared spectroscopy (FTIR). The spectrum derived from FTIR analysis for polymeric 
membrane produced at different compositions of polymer was displayed in Figure 4. FTIR was able 
to identify the variations in terms of chemical structure during the polymer to carbon 
transformation. 

 
 

 
Fig. 4. FTIR analysis of polymeric precursor 
membrane fabricated at varying compositions of 
polymer 
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The presence of C-H aroma monosubstituted benzene can be identified with band magnitude 
ranging from 719.97 to 882.24 cm-1, meanwhile the wavelengths approximately from 2718.08 to 
3880.65 cm-1 corresponded to the imide groups with symmetrical and asymmetrical C=O stretching 
vibrations. Of all compositions, the imide groups consisting of aliphatic C-N stretch resulted in the 
band magnitude from 1363.12 to 1663.47 cm-1. In addition, the wavelengths from 1506.71 to 
1808.35 cm-1 and from 993.57 to 1399.30 cm-1 were attributed to the aromatic C=C bending 
vibration and C-N-C transverse stretch polymeric membrane, respectively. By referring to earlier 
studies, the band at 3461 cm-1 was corresponded to the amide group with C=O stretch, whereas the 
band approximately at 1339 cm-1 (100) represented amide group with C-N stretch or/and N-H bend 
[25]. 

Figure 4 shows the spectrum extracted from FTIR analysis for carbon membrane manufactured 
at multiple polymeric compositions. In contrast to polymeric membranes, there was no visible bond 
ranging from 400 to 3900 cm-1 shown in the FTIR results. Besides, the chemical structure and bond 
is reported to deconcentrates and breaks at the temperature of carbonization. Ismail has studied 
the characterization in terms of structure of the other polymers which have been modified 
according to the thermal history [31]. The result indicated that there was a significant reduction of 
peaks in higher composition of polymer during the process of carbonization for all carbon 
membranes. The intensity of transmission decreased as the membrane structure became compact 
and nearer to the interface of ATR crystal [32]. To summarize, the process of carbonization might 
occur regardless of the type of polymer formulation used [33]. 

 
6. Gas Permeation Characteristics 

 
Table 1 shows the properties of gas permeation of carbon membrane manufactured at varying 

composition of polymer. The permeation properties of all gases increased when the compositions 
of polymer increased from 5 wt.% to 15 wt.%. Densification could occur due to the increasing 
composition of polymer which resulted in the permeance reduction for all gases. In spite of that, 
well-combined of selective layers was found and no increment in terms of mass transport resistance 
of the evaluated gases was identified [5]. Conversely, the permeance of all gases decreased at 18 
wt.% composition of polymer. This situation arose as a result of the entanglement of polymer chain 
and its compact structure in a state beyond the optimum composition [34-36]. 

 
Table 1 
Gas permeation properties of Matrimid–based carbon tubular membrane fabricated at varying 
compositions of polymer 

Carbon membrane Permeance (GPU) Selectivity 

 H2 N2 H2/N2 

CM-5 wt% 1156.44±1.34 3.45±1.88 335.20±3.42 

CM-10 wt% 1170.35±1.23 3.40±2.51 344.22±2.63 

CM-13 wt% 1189.78±2.41 3.37±1.53 353.05±3.37 

CM-15 wt% 1247.37±1.52 3.11±3.59 401.08±2.56 

CM-18 wt% 1209.44±1.86 3.35±3.59 361.03±3.12 
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The findings indicated high performance of the carbon membrane as opposed to the polymeric 
membrane. Except for 18 wt.% composition, it was found that the resultant membrane became 
more selective when the composition of polymer increased. The increment in H2 permeance was 
noticeable because the kinetic diameter of H2 (2.89Å) was comparatively smaller than N2 (3.8Å). As 
a consequence, selectivity of H2/N2 increased when the composition of polymer increased to 15 
wt.%. Owing to the failure of the subtraction and the formation of unselective voids, the selectivity 
of the resultant carbon membrane began to decline at 18 wt.% composition of polymer. The 
outcomes indicated that 15 wt.% of Matrimid was the most appropriate composition of polymer for 
the carbon membrane fabrication. Favvas’s group reported similar findings of the same 
composition, using Matrimid 5218-based carbon hollow fiber membranes. Moreover, the findings 
suggested that the high selectivity properties of H2/N2 were because of the tighter structure of the 
macromolecules linkages, identical to those reported by Hosseini and co-workers [5]. Thus, the 
polymer membrane fabricated from 15 wt.% composition of Matrimid was deployed to study the 
consequence of the temperature of carbonization. 

 
7. Conclusions 

 
In conclusion, the carbon membrane was presumed to be the option for the separation process 

in the coming years. The deployment of carbon tubular membrane has revealed that the properties 
and characteristics of carbon have significantly contributed to the process of separation as opposed 

to the other membrane material based on the work performed using H2 and N2. In this sense, the 

future research on carbon membrane must be continued to enhance its commercialization. Carbon 
tubular membrane has been successfully manufactured and characterized particularly by means of 
thermal stability and structural morphology properties. The findings indicated that all the resultant 
carbon tubular membrane was dense in structure. 15 wt.% composition of Matrimid was the best 
formulation of polymer solution for the fabrication of carbon tubular membranes. 
 
Acknowledgement 
The authors would like to gratefully acknowledge the financial support from the Ministry of 
Higher Education and Universiti Malaysia Pahang under Fundamental Research Grant Scheme 
Project Number RACER/1/2019/TK05/UMP//1 (RDU192621) and RDU192615. 

 
References 
[1] Wang, Xiangtao, Yifei Guo, Li Yang, Meihua Han, Jing Zhao, and Xiaoliang Cheng. "Nanomaterials as sorbents to 

remove heavy metal ions in wastewater treatment." J. Environ. Anal. Toxicol 2, no. 7 (2012): 154-158. 
[2] Singh, N. B., Garima Nagpal, and Sonal Agrawal. "Water purification by using adsorbents: a 

review." Environmental technology & innovation 11 (2018): 187-240. 
https://doi.org/10.1016/j.eti.2018.05.006 

[3] Guechi, El-Khamssa, and Oualid Hamdaoui. "Evaluation of potato peel as a novel adsorbent for the removal of 
Cu (II) from aqueous solutions: equilibrium, kinetic, and thermodynamic studies." Desalination and Water 
Treatment 57, no. 23 (2016): 10677-10688. 
https://doi.org/10.1080/19443994.2015.1038739 

[4] Guiza, Sami. "Biosorption of heavy metal from aqueous solution using cellulosic waste orange peel." Ecological 
Engineering 99 (2017): 134-140. 

[5] Gupta, V. K., P. J. M. Carrott, Randhir Singh, Monika Chaudhary, and Sarita Kushwaha. "Cellulose: a review as 
natural, modified and activated carbon adsorbent." Bioresource technology 216 (2016): 1066-1076. 
https://doi.org/10.1016/j.biortech.2016.05.106 

[6] Brunner, Paul H., and Paul V. Roberts. "The significance of heating rate on char yield and char properties in the 
pyrolysis of cellulose." Carbon 18, no. 3 (1980): 217-224. 
https://doi.org/10.1016/0008-6223(80)90064-0 

https://doi.org/10.1016/j.eti.2018.05.006
https://doi.org/10.1080/19443994.2015.1038739
https://doi.org/10.1016/j.biortech.2016.05.106
https://doi.org/10.1016/0008-6223(80)90064-0


Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 69, Issue 2 (2020) 177-187 

186 
 

[7] Huber, Tim, Jörg Müssig, Owen Curnow, Shusheng Pang, Simon Bickerton, and Mark P. Staiger. "A critical review 
of all-cellulose composites." Journal of Materials Science 47, no. 3 (2012): 1171-1186. 
https://doi.org/10.1007/s10853-011-5774-3 

[8] Perepelkin, K. E. "Renewable plant resources and processed products in chemical fibre production." Fibre 
Chemistry 36, no. 3 (2004): 161-176. 
https://doi.org/10.1023/B:FICH.0000037977.65328.4e 

[9] Serpa, A., J. Velásquez-Cock, P. Gañán, C. Castro, L. Vélez, and R. Zuluaga. "Vegetable nanocellulose in food 
science: A review." Food Hydrocolloids 57 (2016): 178-186. 
https://doi.org/10.1016/j.foodhyd.2016.01.023 

[10] Phanthong, Patchiya, Prasert Reubroycharoen, Xiaogang Hao, Guangwen Xu, Abuliti Abudula, and Guoqing Guan. 
"Nanocellulose: Extraction and application." Carbon Resources Conversion 1, no. 1 (2018): 32-43. 
https://doi.org/10.1016/j.crcon.2018.05.004 

[11] WHO. 2003. Chlorine in Drinking-water: Background document for development of WHO Guidelines for Drinking-
water Quality. 

[12] JECFA. 2000. Summary and conclusions of the fifty-fifth meeting. 
[13] WHO. 2003. Chromium in drinking-water: Background document for development of WHO Guidelines for 

drinking-water quality. 
[14] WHO. 2003. Lead in Drinking-water: Background document for development of WHO Guidelines for Drinking- 

water Quality. 
[15] WHO. 2003. Zinc in Drinking-water: Background document for development of WHO Guidelines for Drinking- 

water Quality. 
[16] WHO. 2005. Nitrate and Nitrite in Drinking-water: Background document for development of WHO Guidelines 

for Drinking-water Quality. 
[17] Thekkudan, Vinni Novi, Vinoth Kumar Vaidyanathan, Senthil Kumar Ponnusamy, Christy Charles, SaiLavanyaa 

Sundar, Dhanya Vishnu, Saravanan Anbalagan, Vasanth Kumar Vaithyanathan, and Sivanesan Subramanian. 
"Review on nanoadsorbents: a solution for heavy metal removal from wastewater." IET nanobiotechnology 11, 
no. 3 (2016): 213-224. 
https://doi.org/10.1049/iet-nbt.2015.0114 

[18] Zhu, Runliang, Qingze Chen, Qing Zhou, Yunfei Xi, Jianxi Zhu, and Hongping He. "Adsorbents based on 
montmorillonite for contaminant removal from water: A review." Applied Clay Science 123 (2016): 239-258. 
https://doi.org/10.1016/j.clay.2015.12.024 

[19] Mishra, Raghvendra Kumar, Arjun Sabu, and Santosh K. Tiwari. "Materials chemistry and the futurist eco-friendly 
applications of nanocellulose: Status and prospect." Journal of Saudi Chemical Society 22, no. 8 (2018): 949-978.   
https://doi.org/10.1016/j.jscs.2018.02.005 

[20] Koros, William J., and Rajiv Mahajan. "Pushing the limits on possibilities for large scale gas separation: which 
strategies?." Journal of Membrane Science 175, no. 2 (2000): 181-196. 
https://doi.org/10.1016/S0376-7388(00)00418-X 

[21] Ajanovic, Amela, and Reinhard Haas. "Economic prospects and policy framework for hydrogen as fuel in the 
transport sector." Energy policy 123 (2018): 280-288. 
https://doi.org/10.1016/j.enpol.2018.08.063 

[22] Acar, Canan, and Ibrahim Dincer. "The potential role of hydrogen as a sustainable transportation fuel to combat 
global warming." International Journal of Hydrogen Energy (2018). 

[23] Song, Chengwen, Tonghua Wang, Yinghua Qiu, Jieshan Qiu, and Huiming Cheng. "Effect of carbonization 
atmosphere on the structure changes of PAN carbon membranes." Journal of Porous Materials 16, no. 2 (2009): 
197-203. 
https://doi.org/10.1007/s10934-008-9185-z 

[24] Hosseini, Seyed Saeid, Mohammad Reza Omidkhah, Abdolsamad Zarringhalam Moghaddam, Vahid Pirouzfar, 
William B. Krantz, and Nicolas R. Tan. "Enhancing the properties and gas separation performance of PBI–
polyimides blend carbon molecular sieve membranes via optimization of the pyrolysis process." Separation and 
Purification Technology 122 (2014): 278-289. 
https://doi.org/10.1016/j.seppur.2013.11.021 

[25] Pirouzfar, Vahid, Abdolsamad Zarringhalam Moghaddam, Mohammad Reza Omidkhah, and Seyed Saeid Hosseini. 
"Investigating the effect of dianhydride type and pyrolysis condition on the gas separation performance of 
membranes derived from blended polyimides through statistical analysis." Journal of Industrial and Engineering 
Chemistry 20, no. 3 (2014): 1061-1070. 
https://doi.org/10.1016/j.jiec.2013.06.043 

[26] Hosseini, Seyed Saeid, May May Teoh, and Tai Shung Chung. "Hydrogen separation and purification in 

https://doi.org/10.1007/s10853-011-5774-3
https://doi.org/10.1023/B:FICH.0000037977.65328.4e
https://doi.org/10.1016/j.foodhyd.2016.01.023
https://doi.org/10.1016/j.crcon.2018.05.004
https://doi.org/10.1049/iet-nbt.2015.0114
https://doi.org/10.1016/j.clay.2015.12.024
https://doi.org/10.1016/j.jscs.2018.02.005
https://doi.org/10.1016/S0376-7388(00)00418-X
https://doi.org/10.1016/j.enpol.2018.08.063
https://doi.org/10.1007/s10934-008-9185-z
https://doi.org/10.1016/j.seppur.2013.11.021
https://doi.org/10.1016/j.jiec.2013.06.043


Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 69, Issue 2 (2020) 177-187 

187 
 

membranes of miscible polymer blends with interpenetration networks." Polymer 49, no. 6 (2008): 1594-1603. 
https://doi.org/10.1016/j.polymer.2008.01.052 

[27] Sazali, N., W. N. W. Salleh, A. F. Ismail, N. H. Ismail, N. Yusof, F. Aziz, J. Jaafar, and K. Kadirgama. "Influence of 
intermediate layers in tubular carbon membrane for gas separation performance." International Journal of 
Hydrogen Energy 44, no. 37 (2019): 20914-20923. 
https://doi.org/10.1016/j.ijhydene.2018.06.148 

[28] Rao, MadhukarB, and Shivaji Sircar. "Nanoporous carbon membranes for separation of gas mixtures by selective 
surface flow." Journal of Membrane Science 85, no. 3 (1993): 253-264. 
https://doi.org/10.1016/0376-7388(93)85279-6 

[29] Steel, Keisha M., and William J. Koros. "Investigation of porosity of carbon materials and related effects on gas 
separation properties." Carbon 41, no. 2 (2003): 253-266. 
https://doi.org/10.1016/S0008-6223(02)00309-3 

[30] Fu, Shilu, Graham B. Wenz, Edgar S. Sanders, Sudhir S. Kulkarni, Wulin Qiu, Canghai Ma, and William J. Koros. 
"Effects of pyrolysis conditions on gas separation properties of 6FDA/DETDA: DABA (3: 2) derived carbon 
molecular sieve membranes." Journal of Membrane Science 520 (2016): 699-711. 
https://doi.org/10.1016/j.memsci.2016.08.013 

[31] Hamm, Janice BS, Alan Ambrosi, Julia G. Griebeler, Nilson R. Marcilio, Isabel Cristina Tessaro, and Liliane D. Pollo. 
"Recent advances in the development of supported carbon membranes for gas separation." International Journal 
of Hydrogen Energy 42, no. 39 (2017): 24830-24845.  
https://doi.org/10.1016/j.ijhydene.2017.08.071 

[32] Ismail, Ahmad Fauzi, and Kang Li. "From polymeric precursors to hollow fiber carbon and ceramic 
membranes." Membrane Science and Technology 13 (2008): 81-119. 
https://doi.org/10.1016/S0927-5193(07)13003-5 

[33] Sunarti, A. R., and A. L. Ahmad. "Performances of Automated Control System for Membrane Gas Absorption: 
Optimization Study." Jounal of Advanced Research in Applied Mechanics 6 (2015): 1-20. 

[34] Sazali, N., W. N. W. Salleh, M. Nur Izwanne, Z. Harun, and K. Kadirgama. "Precursor selection for carbon 
membrane fabrication: a review." Journal of Applied Membrane Science & Technology 22, no. 2 (2018). 

 https://doi.org/10.11113/amst.v22n2.122 
[35] Sazali, N., W. N. W. Salleh, N. Arsat, Z. Harun, and K. Kadirgama. "P84 Co-Polyimide-based tubular carbon 

membrane: effect of pyrolysis temperature." Journal of Applied Membrane Science & Technology 23, no. 1 
(2019). 

 https://doi.org/10.11113/amst.v23n1.121 
[36] Sazali, N., W. N. W. Salleh, A. F. Ismail, N. H. Ismail, Mohamad Azuwa Mohamed, N. A. H. M. Nordin, M. N. M. M. 

Sokri, Y. Iwamoto, and S. Honda. "Enhanced gas separation performance using carbon membranes containing 
nanocrystalline cellulose and BTDA-TDI/MDI polyimide." Chemical Engineering Research and Design 140 (2018): 
221-228. 

 https://doi.org/10.1016/j.cherd.2018.09.039 
 

 
 
 

https://doi.org/10.1016/j.polymer.2008.01.052
https://doi.org/10.1016/j.ijhydene.2018.06.148
https://doi.org/10.1016/0376-7388(93)85279-6
https://doi.org/10.1016/S0008-6223(02)00309-3
https://doi.org/10.1016/j.memsci.2016.08.013
https://doi.org/10.1016/j.ijhydene.2017.08.071
https://doi.org/10.1016/S0927-5193(07)13003-5
https://doi.org/10.11113/amst.v22n2.122
https://doi.org/10.11113/amst.v23n1.121
https://doi.org/10.1016/j.cherd.2018.09.039

