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ABSTRACT  
 

In this study, the effect of drying time on the performance of tubular carbon membrane was 

investigated. P84 co-polyimide blends with Nanocrystalline cellulose (NCC)-based carbon 

membrane supported on ceramic tube was fabricated through the dip-coating technique. This 

study aims to investigate the effect of various drying times (12 hours, 24 hours, 3 days and 7 

days) on the carbon dioxide separation properties. The gas permeation test of the resultant 

tubular carbon membrane was determined by using pure gas of CO2 and N2. In order to enhance 

the membrane performance, final carbonization temperature was executed at 800oC in Argon 

environment with flow rate of 200 mL/min. From the results, it was found that the best drying 

times was within 24 hours and such membrane showed the highest CO2/N2 selectivity 

(66.32±2.18). 
 

Keywords: Drying times, Dip-coating, P84 co-polyimide, Nanocrystalline cellulose, Carbon 
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1.0 INTRODUCTION 

 

It is estimated that global temperature 

will rise by 2℃ to 4.5℃ by 2100 and 

carbon dioxide (CO2) emission to the 

atmosphere has become one of the 

major contributors to the increment of 

global temperature. Furthermore, it was 

reported that more than 30 billion 

tonnes of CO2 were emitted annually 

from human activities [1]. Various 

techniques have been used to mitigate 

the CO2 emission problems such as by 

using chemical and physical adsorption, 

solid adsorption, cryogenic distillation 

and membrane separation [2]. However, 

in these recent years, the application of 

membrane especially carbon membrane 

for gas separation has received a great 

attention from many researchers. 

Carbon membrane has become one of 

the best options for the development of 

new membrane technologies due to its 

stability and molecular sieving 

capability.  

The most remarkable advantages of 

carbon membrane have been reviewed 

in order to emphasize on their 

utilization as separation instrument 

which makes it more promising than its 

counterpart such as polymeric 

membrane [3-5]. The utilization of 

carbon membrane is seen to be one of 

the promising materials for CO2/N2 gas 
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separation due to few leading factors 

such as high thermal resistance, 

chemically stable, nanoporous structure 

and high CO2/N2 selectivities [6-8].  

Generally, supported carbon 

membranes are preferred because it 

possesses high mechanical strength and 

thin separation layer. In order to 

fabricate enhanced structures of 

supported carbon membrane with a 

uniform and defect-free thin separation 

layer, dip coating method is employed. 

Dip coating method was applied in this 

study as it can produce thin separation 

layer with better separation 

performance. 

In this research, P84 co-polyimides 

have been established and known as 

thermo resistant polymers and were 

applied in various applications, 

especially in the field of electronics [9-

11]. The utilization of Nanocrystalline 

cellulose as additives is similar as 

previous study [12]. Interestingly, 

abundant amount of biopolymer i.e 

cellulose can be extracted from plant 

fibres and recycle materials which can 

be converted into NCC by sulfuric acid 

hydrolysis. Generally, the NCC can be 

produced from various materials such 

as discarded cigarette filters [13], sugar 

palm fibres [14], raw cotton and cotton 

stalk [15]. NCC possessed many 

advantages including high surface area, 

high crystallinity, low density, 

biodegradable, biocompatible and high 

mechanical strength. In addition, the 

rod-like nanostructure of NCC is 

potentially to be used as filler for 

nanocomposites.   

Therefore, the application of NCC 

blend with P84 co-polyimide as the 

coating material on the carbon 

membrane was used in this study to 

enhance the CO2/N2 gas separation. 

Previous studies have been conducted 

on the effects of carbonization 

conditions such as heating rates [16], 

thermal soak time [17] as well as the 

carbonization final and stabilized 

temperature [18] . However, the effect 

of drying times of the membrane is still 

at their infancy. Hence, in this study the 

drying times of the membrane were 

varied at 12 hours, 24 hours, 3 days and 

1 week. The fabricated supported 

carbon membrane was then 

characterized by SEM analysis and the 

performance of the carbon membrane 

for CO2/N2 gas separation was observed.  

 

 

2.0  METHODS 

 

2.1 Materials 

 

P84 co-polyimide procured from Sigma 

Aldrich was used as a main precursor 

while N-methyl-2-pyrrolidone (NMP) 

as a solvent was purchased from Merck 

(Germany). All chemicals were directly 

used without further purification. 

Nanocrystalline cellulose (NCC) was 

in-house synthesized, according to the 

experimental procedures as reported in 

previous studies by [12]. Porous tubular 

ceramic support (TiO2) with 8 cm in 

length, 3 mm thickness and average 

pore size of 0.2µm (porosity of 40-

50%) was purchased from Shanghai 

Gongtao Ceramics Co., Ltd. 

 

2.2 Carbon Membrane Preparation 

 

Polymer solution consisting of 15% of 

P-84 (relative to total wt.) and NMP 

was prepared and stirred under constant 

stirring condition at 80 oC. 7wt% of 

NCC were added gradually into the 

solution and were continuously stirred 

until homogenous solution was 

obtained. Finally, all the polymer 

solutions were placed inside sonication 

bath for several hours in order to 

remove existing bubbles during stirring 

process. 

The tubular support was then dip-

coated for 45 minutes with 2 times 

coating-carbonization cycles. One of 

the useful and simple coating technique 
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to prepare a supported carbon 

membrane is a dip-coating technique as 

this technique can produce a very thin 

top layer. In order to produce tubular 

membranes, ceramic tubes were 

immersed in the dope solution for 

45minutes. Afterward, the resultant 

membranes were immersed in methanol 

for 2 hours, followed by placing it 

inside the oven at 100 oC for 12 hours, 

24 hours, 3 days, and 1-week drying 

times to remove the solvent. The 

thickness of the resultant membrane has 

been measured by Vernier carliper. 

Dip-coating process comprises of five 

different stages which are immersion, 

start-up, deposition, evaporation and 

drainage. 

Carbonization process of the 

supported polymeric membrane was 

conducted to prepare a carbon 

membrane. The supported polymeric 

membrane was heated at 800 oC under 

Argon gas flow (200 ml/min) in 

Carbolite horizontal tubular furnace. 

The experimental procedures were 

conducted based on our previous 

studies [15]. A similar procedure was 

also used to characterize a flat sheet 

carbon membrane (without substrate). 

 

2.3  Membrane Characterization 

 

Scanning electron microscopy (SEM) 

was used to observe the membrane 

structure and morphology. Prior 

observation, the samples were coated 

with gold by employing a scanning 

electron microscope (TM3000, Hitachi) 

with a potential of 10 kV. 

 

2.4 Pure Gas Permeation 

Measurements 

 

Gas permeation system as described in 

our previous study was used to test the 

carbon tubular membranes [19,20]. A 

tubular stainless-steel module of 14 cm 

in length was used and the carbon 

tubular membrane was put inside the 

module. An O-rings was fitted to the 

membrane to avoid any leakage on the 

module. Trans-membrane pressure of 8 

bars was applied and pure nitrogen (N2) 

gas (0.364 nm), carbon dioxide (CO2 

(0.330 nm) were fed separately into the 

module. Equation as described in our 

previous study [15] was used to 

calculate the permeance, P/I (GPU) and 

selectivity, α of the membranes.  

 

 

3.0 RESULTS AND DISCUSSION 

 

3.1 Scanning Electron Microscopy 

Analysis 

 

The SEM images of the surface and 

cross-section of the polymeric and 

carbon membrane fabricated at various 

drying times are shown in Figure 1. As 

can be seen in the Figure 1(a), the long 

(needle-shaped), slender rod of NCC 

particles appeared inside the precursor 

membrane. This morphology obtained 

was in agreement with the Kaboorani et. 

al. (2012), where they also observed a 

rod-like structure of NCCs with 150–

250 nm [21]. The images also exhibited 

the rod-like NCCs structures were 

shorter when literaturely compared with 

other study conducted by Mohamed et 

al. (2016), who found the NCC 

structure was in uniform nanorod or 

needle-like shapes, however, they still 

contained both microcrystals and 

aggregated microcrystals [22]. The size 

found to be 5.78 ±2.14 nm wide and 

121.42±32.51nm long. After underwent 

carbonization process, the rod or 

needle-like structures were collapsed. 

Densification of the transition and 

macroporous layers occured as the 

precursor passed their respective Tg's, 

reflected by a drastic loss in the storage 

module. The precursor membrane was 

subjected to 24hours drying times to 

obtain defect-free polymeric membrane. 

These results showed that the PI/NCC 

membrane with dense structure was 
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obtained in Figure 1(b) to (e). 

Unfortunately, Figure 1(b) shows the 

membrane structure to exhibit a few 

defects and obviously not dense 

structure even the sample underwent 

carbonization process. This is due to the 

12 hours drying times is not enough for 

the membrane to completely dry. 

 

 

 
 
Figure 1 SEM images of the surface and 

cross-section of the polymeric and carbon 

membrane fabricated at various drying 

times. 

 

 

In addition, it was observed that 

rough carbon membrane layer surface 

were obtained for sample (d) and (e), 

having almost defect structure on 

carbon membrane surface. 

Theoretically, increasing the drying 

times will increasing the defect of the 

carbon membrane and when the 

membrane having longer drying times, 

the membrane tends to syringe and 

peel-off. This phenomenon will 

extremely result in reduction of the gas 

separation performance. 

3.2  Gas Permeation Measurements 

 

The gas permeation performances of 

the PI/NCC carbon membrane with 

different drying times are presented in 

Table 1. From the gas permeation test, 

it was revealed that polymeric 

membrane that went through 24 hours 

drying times produced better gas 

permeation performance as compared 

to others drying times. For all tested 

membranes, the gas permeance of the 

selected gases were in the order of 

CO2 > N2.  All selectivity of the gas pair 

increased dramatically from the 

polymeric membrane to carbon 

membrane. The increment of almost 30 

time was observed for CO2/N2 

selectivity. The permeation results of all 

the PI/NCC carbon membranes showed 

that the gas transport was controlled by 

the molecular sieving mechanism [12]. 

 
Table 1 Gas permeation performance of 

PI/NCC carbon membranes from various 

drying times 

 
 

Sample 

 

Carbon membrane 

Permeance (GPU) Selectivity 

N2 CO2 CO2/N2 

PI/NCC  0.94±3.54 1.92±3.72 2.40±2.19 

PI/NCC CM-12 h 2.87±2.19 149.21±4.82 51.99±3.76 

PI/NCC CM-24 h 3.22±3.21 213.56±2.17 66.32±2.18 
PI/NCC CM-3days 2.62±4.21 106.44±1.98 40.62±1.85 

PI/NCC CM-1week 2.03±3.21 43.52±4.22 21.44±2.53 

 

 

4.0 CONCLUSION 

 

The influence of drying times on the 

preparation of the PI/NCC carbon 

membrane was investigated. It was 

suggested that sufficient drying times 

must be applied to fabricate carbon 

membrane with desirable 

morphological structure. 24 hours 

drying times provided superior pore 

structural properties due to the 

decomposition prior to carbonization 

process. Longer drying times can lead 

to defect formation of the carbon 

membrane which results in extremely 

low gas separation performance. The 

(Surface) Cross-section

(a) PI/NCC Polymeric Membrane

(c) PI/NCC CM-24 hours

(b) PI/NCC CM-12 hours

25µm25µm

25µm 25µm

25µm25µm

(e) PI/NCC CM-1 week

(d) PI/NCC CM- 3 days

25µm 25µm

25µm25µm
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tubular carbon membrane from 24 

hours drying times showed the best 

drying times with CO2/N2 selectivity of 

66.32±2.18. 
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