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Abstract

min dip-coating.

Carbon membrane can be regarded as the future separation media in gas separation process due to its high gas
separation performance, easy processabilityy, and moderate energy requirement compared to conventional
separation process. In this study, the fabrication of tubular carbon membrane prepared from Pl blends with nano-
crystalline cellulose (NCC) was investigated. The influence of dip-coating duration (15, 30, 45, and 60 min) towards
the physicochemical properties and CO,/CH,4 and O,/N, separation was explored. The process of carbonization was
conducted at 800°C with rate of heating at 3°C/min under argon gas flow (200 mL/min). Pure gas permeation tests
were performed to investigate the prepared carbon membrane’s mechanism of transport at ambient temperature and
a feed pressure of 8 bar. The carbon membrane with CO,/CH,4 and O,/N, selectivity of 68.23 + 3.27 and 9.29 + 2.54
and CO, and O, permeance of 213.56 + 2.17 and 29.92 + 1.44 GPU, respectively, were obtained when applying 45

Keywords Tubular carbon membrane; Dip-coating; Nanocrystalline
cellulose (NCC); P84 co-polyimide (PI); Gas separation

Introduction

Nowadays, gas separation is one of the premier applications of
membrane technology. The application of membrane in gas separation
has drawn much attention from researchers around the world due to
their advantages, including ease of operation (no moving parts), low
energy requirements, and small footprint [1]. Membrane for gas
separation technology can be marked as a competitive industrial gas
separation technique especially for CO, separation [2,3]. CO, 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
CO, is not only the main greenhouse gas but also an important
potential carbon source, therefore, the capture and separation of CO,
has attracted worldwide attention [3,4].

Both CO, and O, separation are based on a pressure driven process,
where the driving force is induced by the variation of pressure between
upstream and downstream sides. In gas separation, the membrane with
nonporous structure is more preferable to prevent leakage of gas across
the membrane layer. Up to now, the production of large-scale
commercial gas is still in the middle of searching for feasible
membranes that possess high selectivity and permeability. Principally,
membrane should possess high selectivity and permeability as well as
mechanical and chemical stability under the long-term operation
conditions. Previously, most review articles discussed the chronology
of the membrane development in gas separation and also the
separation progress of various binary pairs of gases. Differ from
previous reported articles, this paper aims to study the recent and

updated progress of carbon membrane utilized in
separation, by manipulating fabrication condition.

C02 and 02

Carbon membranes have begun to have potential as candidates to
be applied in separation of gas due to the attractive characteristics such
as excellent thermal endurance, chemical stability in eroding
surroundings, and possess advantageous balance of gas selectivity and
permeability compared to polymeric membranes [5,6]. Carbon
membranes are prepared by carbonization of polymeric membrane
under controlled inert atmosphere at temperatures of up to 900°C
[7,8]. In the case of polymeric precursor membrane selection, the
material should withstand high temperature treatment without much
shrinkage and produce high carbon yield. The microstructure and gas
permeation properties of the carbon membranes depend on the type of
polymer precursor, fabrication techniques, and carbonization
conditions [9]. In this study, dip-coating method was applied to
fabricate the supported tubular carbon membrane. Until now there is
no studies reported on the effect of coating condition towards gas
diffusion characteristic of the tubular PI/NCC-based carbon
membrane.

The main focus of this research study was to provide better
understanding in dip-coating processes to control the morphology of
the tubular supported carbon membrane. The main parameter of
coating time has been identified as the major influence on the dip-
coating processes. Dip-coating techniques show great potential for
large scale production and to replace the conventional spin coating and
spray coating methods, as there is no limitation in the supported size
and the utilization of polymers is low [10]. Overall, the methods
described in the literature to obtain tubular supported carbon
membranes are complex and the coating time must be increased to
achieve crack-free carbon membrane, which needs several cycle and
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exceptional care. Only a few researchers have reported on the
advancement of membranes that are free of defects by a single step
dipping-drying-carbonization [11-14]. This work focused on the
incorporation of NCC as an additive towards carbon membrane
superior performance by different dip-coating times of 15, 30, 45, and
60 min. Defect-free supported carbon membranes were prepared at the
carbonization end temperatures of 800°C under argon environment
(200 mL/min). The characterization of the material was performed
using scanning electron microscopy (SEM), Fourier transform infrared
spectroscopy (FTIR), and X-ray diffraction (XRD) analysis.

Experimental Procedures

Materials

Sodium Chloride (NaCl, M.W=58.44 g/mole) Sodium Sulphate
anhydrous (Na,SO,, M.W=142.036 g/mole), Calcium Chloride di-
hydrate (CaCl,.2H,0, M.W=147.008 g/mole), and Magnesium
Sulphate hepta-hydrate (MgSO,.7H,0, M.W=246.466 g/mole) salts,
commercial-grade chemicals were obtained from El-Gomhoreya
Company for chemicals, Egypt. A commercial polyamide TFC flat
sheet brackish water (BW) membrane (model: GE Osmonics Flat Sheet
membrane, Thin Film RO SG, YMSGSP4205, Sterlitech) was used for
reverse osmosis desalination process.

Methods

In this study the precursor for polymer that has been chosen was
P84 co-polyimide, otherwise known as PI, acquired from Sigma
Aldrich [15]. Fabricated nanocrystalline cellulose (NCC) together with
additive which was newspaper has been acquired from preceding study
[16]. Both polymers were desiccated at 100°C overnight to eliminate
any humidity in advance of preparation of membrane. The solvent
used in this study was N-Methyl-2-pyrrolidone (NMP) procured from
Merck (Germany). Porous tubular support was purchased from
Shanghai Gongtao Ceramics Co., Ltd. The tubular support with 3 mm
in thickness and 8 cm in length was employed. The tubular support
mean size of the pore is roughly 0.2 um with 40%-50% porosity.

Carbon membrane preparation

NMP was used to dissolve the PI by means of a mechanical stirrer
and the trapped bubbles were removed through sonication during the
stirring process. The tubular support was immersed into the polymeric
solution at different coating periods. The supported polymeric
membrane was then desiccated at 80°C for 24 h and subsequently
immersed in methanol for 2 h. The reinforced polymeric membrane
was desiccated at room temperature for 24 h and was proceed to heat
treatment process. The coating-carbonization process was reiterated
twice to make sure that the defect-free carbon membrane was attained.
The carbonization process of the polymeric membranes was done to
prepare the membrane through Carbolite horizontal tubular furnace at
800°C in argon environment (200 mL/min). The heating rate was
uniformed at 3°C/min during the course of the experiment. Upon
completion of the heating cycle, the prepared membranes’ temperature
was naturally lowered to ambient temperature. Unsupported carbon
membranes (flat sheet) were put in order similarly for characterization.

Membrane characterization

NMP The observation of the morphological structure of the
membrane by means of scanning electron microscopy (SEM)

(TM3000, Hitachi) was performed. Prior to imaging and
photographing with a potential of 10 kV, the samples were coated with
gold. Fourier transform infrared spectroscopy (FTIR) (PerkinElmer,
L1600107) was used to distinguish the functional groups present in the
membrane samples. The FTIR spectra show the changes of the
functional groups in the membranes as they are heated from room
temperature to carbonization temperature. The microstructure
properties of the prepared carbon membranes were analyzed using
X’Pert PRO X-ray different diffractometer (XRD) from PANalytical
with the diffraction angle 20 of 10° to 50°. Ni-filtered CuKa radiation
with a wavelength of \=1.54 A was applied in the experiments. The
interplanar distance (d-spacing) of the carbon membranes were
calculated using the Bragg equation as stated in previous studies
[17,18].

Pure gas permeation measurements

NMP In this study, we employed the gas permeation system to
assess the carbon tubular membranes as explained in our preceding
study [19]. The membrane tubular stainless-steel module that is 14 cm-
long was employed to position the 8 cm carbon tubular membrane.
The membranes were fitted using rubber O-ring to prevent leakages as
the membranes are fitted into the module. Pure gases CH, (0.380 nm),
CO, (3.30), N, (3.64), and O, (3.46) were individually supplied into
the module correspondingly at 8 bar of transmembrane pressure. The
selectivity (a) and permeability (P/1) of the membranes were calculated
using the following equations: where P/l is the membrane permeability,
Qi the gas i's volumetric rate of flow at standard temperature and
pressure (cm> (STP/s), p the changes in pressure between the feed at
the membrane permeation border (cmHg), A the membrane surface
area (cm?), n is the quantity of fiber in module, D the outer diameter of
the membrane (cm), and 1 the operative length of the membrane (cm).
The selectivity is described as the ratio of permeation of fast gas
permeation to slow gas permeation.

Permeance, P:

_ i __Q
/h;= Ap.A — 7mDIAP
Selectivity, a:
Py (P/Dy

%4/B= P, = /Dy

where P/l is the membrane permeance, Qi the gas i's volumetric
flow rate of at standard temperature and pressure (cm> (STP/s), p the
difference in pressure between the feed the permeation side of the
membrane (cmHg), A the area of membrane surface (cm?), n the fiber
quantity in module, D the membrane’s outer diameter (cm), and 1 the
membrane’s effective length (cm). The selectivity is defined as the
permeation ratio of fast gas permeation to slow gas permeation.

Results and Discussions

Characterization of tubular carbon membrane

Morphological structure analysis: Morphological structures of the
resultant carbon membranes of different coating times were observed
(Figure 1). Although the same technique was applied for all the carbon
membranes, different micrograph views were attained. Figure 1(a)
shows the carbon membrane coated for 15 min contains a lot of empty
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spots that can be seen clearly from the micrographs. Comparing with
Figure 1(b), the empty spot is almost covered and the surface is
smoother compared to Figure 1(a). As shown in Figures 1(c) and 1(d)
a smooth surface with no presence of cracks was obtained after the
coating times of 45 and 60 min were applied, respectively. However,
the membrane in Figure 1(c) is smoother compared to that prepared
for 60 min of coating due to the longer coating time will make the
surface becomes too thick. This is due to the increased mass transfer
resistance because of the deep penetration of the polymeric solution on
the supporting material surface, hence reducing the gas permeation
performance.

Figure 1: SEM microphotographs of PI/NCC-based carbon
membrane prepared at different coating times; (a) 15 minutes, (b)
30 minutes, (c) 45 minutes and (d) 60 minutes.

Functional group analysis: Figure 2 illustrates the functional group
analysis for PI/NCC-based polymeric and carbon membranes
prepared at different coating times. After the heat treatment, the chain
of the polymeric membrane, where most of the heteroatoms were
removed, left a cross-linked and stiff carbon behind [20]. This
phenomenon is proven by the functional group left in the carbon
membrane. Most of the atoms were dominated by C and H, along with
a weak bond of O-H, as most of the O atoms from the polymer
precursor were released. This situation suggests the existence of the
amorphous structure in the carbon membrane [21,22]. In addition, the
FTIR results exhibit that the amount of the functional groups presence
in the membranes decreased with the increasing carbonization
temperature, indicating that the duration of heat treatment was
sufficient to break the polymer chain in the original backbones of the
polymeric precursor membranes [23,24]. However, no significant
different can be seen in the FTIR spectra for all samples because all
membranes were fabricated from the same polymeric material and
fully converted into carbon membrane; hence all peaks were reduced.
During carbonization, the bonds connecting side groups of the
polymer chain to the chain itself were broken. The products of this
reaction are generally small enough to be volatile [25].
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Figure 2: FTIR analysis under different coating times.

X-ray diffraction patterns: The XRD spectra were stacked
accordingly to show clear X-ray diffraction results without affecting the
diffraction angle. XRD was employed to confirm the amorphous
nature of the carbon structure. The average d-spacing between the
individual layers of the carbon were calculated using the Bragg’s Law.
These d-spacing values were determined at the maximum of the broad
peaks and only reflected the average space between the centers of the
chain segments in the polymer matrix. The d-spacing value of the
PI/NCC polymeric membrane was 0.403 nm. Meanwhile, for all
carbon membranes with different coating times, the d-spacing values
were in the range of 0.35 to 0.36 nm as illustrated in Figure 3. It is
revealed that the d-spacing value decreased after the carbonization
process. The microstructure of the polymeric was slightly different
from that of carbon membranes due to the similar layer distance that
could be considered as a divisional path for gas molecules. All samples
exhibited broad peak and amorphous structures [26,27]. The values of
the d-spacing for polymeric and carbon membranes were different.
The value refers to the space dimension for a small gas molecule to
penetrate through membrane and it is very helpful information to
determine the permeability and selectivity of a membrane. It has been
suggested that a decrease in d-spacing value would result in narrow
pore sizes. The small reduction in the average d-spacing of the carbon
membranes resulted in a very strong molecular sieving effect [28].
However, the results indicated that there is no significant difference in
d-spacing value when different coating times were applied. The lowest
d-spacing value was exhibited when 60 min of coating time was
applied.
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Figure 3: XRD analysis of PI/NCC carbon membrane at different
coating time

Gas permeation properties: The gas permeability performances of
the carbon membrane fabricated at different coating times are
presented in Table 1. It is revealed that 45 min coating times produced
the best better gas permeation performance compared to other coating
times. This is due to the better sealing of pinholes and the penetration
through the membrane pores was complete with enough coating time
[29]. For all the tested membranes, the gas permeance of the selected
gases were in the order of CO,>0,>CH,>N,. The differences in gas
permeation performance were determined by differences in the carbon
microstructure that directly affected the transport mechanism of the
membrane. Based on the results, the high selectivity at 45 min may be
due to the reduction of pores than those at 60, 30, and 15 min. In fact,
differences in pore characteristics result in the predominance of
different transport mechanisms on the membrane [30]. Moreover, it
will have enough time for improving the surface condition and
repairing the cracks of a highly porous support.

Sample Carbon membrane
Permeance Selectivity
CH, N, Cco, 0, CO,/CH, 0,/N,
15 minutes 217 £3.22 2.62+1.67 134.28 +£2.09 20.02+2.19 61.88 +2.33 7.64+4.52
30 minutes 2.39 +5.61 277 +2.17 150.91 £ 3.19 22,18 +1.27 63.14 £2.18 8.00 +2.45
45 minutes 3.13+1.56 3.22+3.21 213.56 £ 2.17 29.90 +2.98 68.23 + 3.27 9.29 +2.54
60 minutes 2.53+32.19 2.86+1.28 162.11 £ 3.29 2471 +4.55 64.08 + 4.56 8.64 +3.28

Table 1: Gas permeation performance of carbon membranes produced from different coating time.

Conclusion

Tubular carbon membrane was successfully obtained by single-step
dip-coating under argon atmosphere at the carbonization temperature
of 800°C with the introduction of PI/NCC membrane. The factor of
dip-coating time during coating method was explored in this study.
The results demonstrated that the best coating time was exhibited by
the carbon membrane dip-coated for 45 min. Shorter dip-coating time
made it impossible for the polymeric solution to cover the defect
formation on the supporting material. However, longer dip-coating
time resulted in a thicker membrane layer that reduced the carbon
membrane. Based on the result, the highest CO,/CH4 and O,/N,
selectivities of 68.23 + 3.27 and 9.29 + 2.54 were obtained with CO,
and O, permeance of 213.56 + 2.17 and 29.92 + 1.44 GPU, respectively.
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