J. Applied Membrane Science & Technology, Vol. 28, No. 1, April 2024, 27-46
© Universiti Teknologi Malaysia

Investigating Hydrocarbon Gases Permeability Through Hollow
Fiber Hybrid Carbon Membrane

A. R. Widyanto®®, I. S. Caralin®*, Nurul Widiastuti**, Triyanda Gunawan?, Rika
Wijiyanti®?, A. F. Ismail®, W. N. W. Salleh®, Mikihiro Nomura®, Kohei Suzuki®

4Department of Chemistry, Faculty of Science and Data Analytics, Institut Teknologi
Sepuluh Nopember, Sukolilo, Surabaya 60111, Indonesia

bDepartment of Applied Chemistry, Shibaura Institute of Technology, 3-7-5 Toyosu,

Koto-ku, Tokyo 135-8548, Japan
‘Regional Environment Systems, Shibaura Institute of Technology, 3-7-5 Toyosu,

Koto-ku, Tokyo 135-8548, Japan

dMedical Intelligence Postgraduate Program, Sekolah Tinggi Intelijen Negara (State

Intelligence College), Sumur Batu, Babakan Madang, Bogor, 16810, Indonesia
¢Advanced Membrane Technology Research Center (AMTEC), Universiti Teknologi
Malaysia, 81310 UTM Johor Bahru, Johor, Malaysia

Submitted: 3/11/2023. Revised edition: 29/2/2024. Accepted: 29/2/2024. Available online: 28/3/2024

ABSTRACT

Hydrocarbon separation from natural gases is a critical procedure in the chemical and
petrochemical industries. This study used hollow fiber carbon membranes (HFCMs) made
from a commercially available co-polyimide, P84, with zeolite-carbon composite (ZCC) as a
filler to separate light hydrocarbons like CH4/C3Hs and CH4/CoHe. The Arrhenius technique
was used to evaluate the effects of temperature fluctuations (298, 323, and 373 K) on the
membrane. X-ray diffraction exhibited a characteristic graphite peak at 20 ~ 44°, indicating
the creation of an effective carbon membrane. SEM investigation revealed the compactness of
both pristine and hybrid carbon membrane structures. The operating temperature has a
significant influence on the gas penetration through the membrane when evaluating gas
permeation. The hybrid carbon membrane has the highest permeability for CHa, C;Hs, and
CsHs at 373 K. (81.86, 61.82, and 58.28 Barrer, respectively). The carbon membrane also
showed greatest selectivity for CH4/C3Hs and CH4/C;He at 323 K (2.24 and 2.04,
respectively). Adsorption and surface diffusion were the membrane's transport mechanisms.
By adding filler to the membrane, the gas permeability was temperature dependent.

Keywords: Carbon membranes, carbon, gas separation, thermodynamic properties,
hydrocarbon, permeability

1.0 INTRODUCTION

Natural gas is a significant source of
energy and is frequently used as a fuel
in thermal units in a variety of power
systems. Global natural gas
consumption is predicted to exceed
110 trillion standard cubic feet per year
and is expected to surpass 200 trillion
standard cubic feet per year by 2040

[1], [2]. Natural gas is composed
mostly of methane (CH4), ethane
(CoHg), and propane (CsHs) [3].
Separating hydrocarbons from raw
gases is a vital step in the production
of chemicals [4]. Various techniques
exist for the  separation of
hydrocarbons at the moment. These
include adsorption and rectification
procedures, as well as cryogenic and
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membrane technology. Membrane
technology has a number of benefits
over more conventional techniques. It
is distinguished by high energy
efficiency, reliability, simplicity of
operation, cheap cost, and
environmental friendliness [5].
Membranes for gas separation are
classed according to their material, as
polymeric or inorganic. Interestingly,
as compared to polymeric membranes,
inorganic membranes are substantially
more resistant to the plasticizing
impact of these condensable gases
[4,6]. Inorganic membrane materials
including zeolite, silica, metal oxide,
and carbon are used [7-14]. Carbon
membranes provide a variety of
advantages, including simplicity of
manufacture, variable porosity, and
excellent chemical and thermal
stability. Furthermore, carbon
membranes are useful for practically
all gas separation applications [15].
The polymer precursor used in the
fabrication of a carbon membrane has
an effect on its gas permeation
properties [16]. Glassy polymers are
advantageous as precursors due to their
low free volume and ultra-micropore
structure [17]. Polysulfone membrane
[18-23], and polyimide [24-29] have
been investigated in the previous
studies. On the other hand, carbon-
based polyimide was favored in this
work owing to its ability to preserve its
structure after carbonization as it has a
higher glass transition temperature
than polysulfone [30-32]. Moreover,
employing zeolite composite carbon
(ZCC) as a filler in a P84 polymeric
membrane could enhance CO;
permeability (from 0.67 to 12.67
Barrer) and CO2/CHy selectivity (from
0.76 to 2.10) [28]. ZCC, which was a
previous  product during ZTC
synthesis. In addition, due to the
kinetic diameter of light hydrocarbons,
which ranges between 3.75 and 5.12 A,
porous structures with consistent

microporosity are desirable. Due to its
uniform pore structure, high micropore
area, and compatible with carbon
membrane filler particles, ZCC
potentially applied as a filler for
carbon membranes to separate light
hydrocarbon, which has kinetic
diameter of 3.75-5.12 A [31,33]. Thus,
the significance of ZCC filler in carbon
membrane-based polyimide for
hydrocarbon separation is investigated
in this research (CH4, C3Hg and C2He).

On the other hand, studying operation
temperature  exhibited  separation
behavior of gas permeability in
membrane. As reported by Stevens et
al. [34], gases permeability improved
at higher temperature operation while
permeation activation energies
enhanced by higher gas kinetic
dimensions. H> and CO; permeability,
and its selectivity enhanced by higher
temperature (from 35 to 190 °C), from
3.7, 0.29 Barrer and 12.75 to 31, 1.7
Barrer and 18, respectively, with H>
and CO; activation energies was 16
and 13.3 kJ mol™! [34]. Furthermore,
the temperature dependency of the gas
permeation was attributed to the
existence of diffusion and sorption
coefficients. The diffusion coefficient
rise by higher temperature since the
positive diffusion activation energies,
but the sorption coefficient declines
because of typical negative heats of
sorption [35]. However, there is a lack
of  temperature dependence  of
hydrocarbon  gases on  carbon
membrane report. Therefore, the
objectives of this work are to better

understand the permeability
characteristics of carbon membrane at
elevating temperature. The

hydrocarbon gases (i.e., CHs, CsHs,
and CoHe) permeated on P84 pristine
carbon membrane (CM) and a
P84/ZCC hybrid carbon membrane
(HCM) were investigated at different
temperatures (298, 323, and 373K).
Thermodynamic and activation energy
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analyses were performed to evaluate
the permeability and adsorption
characteristics of the carbon membrane
used in this study.

2.0 METHODS
2.1 Materials

A P84 pristine membrane, a P84/ZCC
membrane, and ultrahigh purified N»
gas were used to produce the carbon
membrane. The gas permeability
experiments were conducted using an
epoxy resin, a P84 pristine carbon
membrane, P84/ZCC hybrid carbon
membrane and ultrapure CHas, C:Hs,
and C3Hg gases (99.99 percent purity).

2.2 Preparation of Carbon
Membranes

Gunawan et al. [28] previously
describped a technique for the
fabrication of the P84 pristine
membrane and the P84/ZCC mixed
matrix membrane. Thereafter, using a
N>  carbonization  method, all
membranes were carbonized. Before
carbonization at high temperature
required one hour stabilizing at 300 °C
at 3 °C/min rate. The temperature was
then raised up to 700 °C during a one-
hour period at the same heating rate.
Finally, allowed the heat to drop to
ambient temperature gradually.

2.3 Carbon Membranes
Characterization

The d-spacing shift during the forming
carbon membrane’s structure was
analyzed using X-ray diffraction
(XRD-Philips ~ PW1140/90).  The
membrane’s morphology was
examined by field emission scanning
electron microscope (FESEM, JSM-
7610F, JEOL) set to 15 kV. The
membrane's pore characteristics were

determined by N2 isotherm adsorption
desorption  (Micromeritics, ASAP
2020). Thermal gravimetric analysis
(TGA) was utilized to investigate the
thermal  stability of  all carbon
membranes. The TGA test parameter
included heating the membrane
continuously in a N2 or air atmosphere
(50 mL/min) at temperatures ranging
from 25 to 800 °C at a rate of 10
°C/min.

2.4 Gases Permeability Evaluation

Methane, ethane, and propane were
used in the pure gas permeability
studies. Gas permeabilities were
determined at various working
temperatures, namely 298, 323, and
373 K. Figure 1 depicts the gas
permeability test setup.

2.5 Analysis of Thermodynamic
Approach

Thermodynamic analysis was used to
characterize the permeation properties
of CHs, CyHs, and CsHs molecules
passing through a carbon membrane.
The following equation (Equation (1))
was used to calculate the
thermodynamic parameters:

p AH AS
lnazﬁ—? (1)
in  which AH  exhibited the
permeability enthalpy (kJ mol™), T
indicated the Kelvin temperatures, p
denoted the pressure of equilibrium
state (bar), and R was molar gas
constant (8.314 J mol ™t K™) [31].

2.6  Analysis of activation energy
approach

The activation energy was determined
utilizing Arrhenius formula (Equation
(2)) as shown in:

Eq
InP = —E+lnP0 2



30 A. R. Widyanto et al.

In which Ea represented as energy of
activation (kJ mol™), T denoted the
Kelvin temperatures, P symbolized the
gas permeabilities (mol m™ s pa?),

Permeate

A represented the pre-exponential
variable, and R was the gas constant
(8.314 I mol*K™) [36].
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Figure 1 An illustration of gas permeability test setup

3.0 RESULTS AND DISCUSSION

3.1 Preparation of the CM and
HCM

The carbon membrane was modified in
this work by adding ZCC filler. The
XRD analysis revealed a change in the
microstructure phases and d-spacing
number of the carbon membrane
because of the ZCC existence, as seen
in Figure 2. The d-spacing number
demonstrated that the length within the
layers of the carbon membrane
served as a channel for gas diffusion
across the membrane [37, 38].
Moreover, this study was continuity of
the previous research, we have
successful synthesis ZCC and utilized
it as a filler in P84 polymeric
membrane and the discussion of XRD
characterizations of ZCC has been
reported by Gunawan et al. [28], which
ZCC exhibit similar typical patterns of
Zeolite Y at 20 of 6, 10, 11.8, 15.5,
18.6, 20.2, 23.5, 26.9, 29.4, 30.5, 31.2,
32.3, 33.9, 34.5, 37.6, and 41.1 [39,
40].

All  carbon membranes had
amorphous  structures (002) and
aromatic graphite (100) at 2 around 22°
and 42-44°, respectively [41]. The
graphite peak [100] was observed,
indicating the carbon production in the
membrane [42]. At the highest peaks,
the largest numbers for d-spacing were
attained. These were the mean
distances within the chain segments'
centers in the copolymer [43]. The
polymeric P84 pristine membrane's d-
spacing number was discovered to be
4.98 (A). Upon carbonization, a drop
in the d-spacing values to 3.93 and
3.94 (A) was observed, indicating the
development of the carbon membrane.
The results indicated that a more
compact structure with a greater
packing density were formed as well as
the production of a microstructure with
densely packed graphite layers from a
polymeric precursor [44]. The obtained
structure has decreased diffusion gaps
for small gas molecules passing across
the P84 pristine carbon membrane
[45]. The hybrid carbon membrane has
a greater peak intensity than the carbon
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membrane since it is loaded with ZCC
that has uniform structure. However,
by adding filler to the carbon
membrane, a larger d-spacing number
in the aromatic graphite phase [100]
was observed. Following that, the
graphitic structures realignment lead to
a change in the pore size distribution
favor larger micropores [46].

[002] = 3.93 [A]

[100] = 2.19 [A]

[002] = 3.94 [A] (c)
[100]=2.10 [A]

(b)

d-spacing [A] = 4.98

10 20 30 40 50
26(°)

Figure 2 XRD pattern of (a) the P84
membrane, (b) carbon membrane, and (c)
hybrid carbon membranes (Adopted from

[31])

The XRD discussion was supported
with the SEM examination, which was
utilized to  investigate the cross-
sectional  morphology  of  the
pristine carbon membrane and hybrid

carbon membrane. Carbonization of
the P84 pristine membrane and the
P84/ZCC mixed matrix membrane was
found to be effective, as shown by the
compact and dense membrane
structures (Figure 3).

TGA was used to determine the
thermal stability of pure carbon and
hybrid carbon membranes, as seen in
Figure 4. All carbon membranes lose
mass at temperatures below 100 °C
due to the evaporation of adsorbed
water [24]. The carbon membrane and
its hybrid exhibit exceptional heat
stability up to 800 °C with a mass loss
of 15-16%. Carbonization of their
mixed matrix membrane (P84/ZCC)
enables a considerable increase in
membrane thermal stability [47].
Although a significant difference in
mass loss between the carbon hybrid
membrane and its pristine membrane
was observed below 500 °C, which
was attributed to the presence of a
zeolite framework with a tendency to
adsorbed moisture, it was
demonstrated that the presence of ZCC
improves thermal stability by slowing
the membrane's decomposition rate
between 500 and 540 °C. At 602.37
and 591.5 °C, respectively, the carbon
membrane and its composite displayed
the fastest breakdown rates, with a
residual mass of 3.19 and 2.25%.

Porous inorganic membrane gas
separation performance was dependent
on the pore structure. A small pore
diameter, i.e., 0.6 nm (ultra-micropore)
or 0.6-2 nm (micropore), was typically
preferred for porous  inorganic
membranes such as carbon ones. The
range of the membrane pore diameter
was deemed suitable based on the gas
kinetic diameter (< 0.4 nm). Thus,
membranes are able to separate gases
via a molecular sieving mechanism
[15, 48]. On another hand, porous
inorganic membranes with range pores
0f 0.5-2 nm controlled by a mechanism
diffusion within molecular sieving,
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Knudsen diffusion, and/or surface
diffusion [49]. The conducted pore
structure analysis enabled
characterization of the  carbon
membrane using a Nz adsorption

isotherm. The investigation of the pore
size distribution (PSD) was performed
using the SAIEUS program and the
2D-NLDFT theory [40].

Zeolite Composite Carbon Filler

Figure 3 SEM image cross section and surface of (a,c) P84 carbon membrane and

(b,d) hybrid carbon membrane
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Figure 5 displayed the N> adsorption
properties of each membrane, while
Table 1 summarized the measured
values. As expected, the carbon
membrane produced a type I
adsorption isotherm compatible with

the IUPAC categorization. This
indicated that HFCMs were composed
entirely of carbon matrix and

micropores. Whereas hybrid carbon
membranes exhibited a kind IV
adsorption isotherm in accordance with
the IUPAC, this was exhibited by the
fact that the pore was not completely
filled at low pressure due to adsorption

appearing in the mesoporous via
multilayer adsorption accompanied
with pore condensation [50]. In

comparison to published findings for a
predecessor [51], the carbon membrane
displayed greater Svet and total pore
volume. During pyrolysis, the volatile
groups in the precursor were released
and the atoms were rearranged.
Volatile compounds were released,
creating a new pore system, along with
the membrane matrix. Hence, the
surface area was improved due to the
increasing degree of microporosity. If
compared with the hybrid carbon
membrane, The Spet and Smic value are

120

lower due to the ZCC filler presence
on the hybrid carbon membrane that
can contribute to the surface area. The
PSD of porous inorganic membranes is
an important factor, which determines
their gas transport mechanism. When
the pore widths are 2-50 nm
(mesopore), 2 nm (micropore), or 0.6
nm (ultra-micropore), membranes are
known to follow Knudsen diffusion,
surface adsorption, and molecular
sieving, respectively [15]. Hence,
determining the PSD of carbon
membranes is important, as the gas
transport and membrane performance
can be predicted based on this value.
The membrane was discovered to have
a modest average hole size after being
pyrolyzed at 700 °C. Accordingly, it
was assumed that the membrane would
display enhanced selectivity compared
to the hybrid carbon membrane. The
predominant mechanism of diffusion
of the carbon membrane is molecular
sieving. The different diffusion
mechanisms showed on hybrid carbon
membranes which a  dominant
combination both surface diffusion and
Knudsen diffusion due to the existence
of mesopore.
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Table 1 Surface parameters of the P84 carbon membrane and hybrid carbon membrane

Sample Pyrolysis (°C) Sy (m?/g) Smic (M%/g) Vi (cc/g) gl‘;ge ( A;’ore
Precursor - 20 - 0.094 19.0
ﬁ;ﬁgfangarbon 700 306.53 260.38 0.17 9.27
Hybrid ~ Carbon 373.04 268.09 0.15 17.29

Membrane [31]

3.2 Permeability Performance of the
Carbon Membrane and Hybrid
Carbon Membrane

The kinetic diameters of the gases
(CHs, CoHs, and C3Hg) at ambient
temperature impacted their separation
on the carbon membrane and hybrid
carbon membrane. As exhibited in
Figure 6, CHs had a greater
permeability than C;Hs and CsHs.
CsHg had a little greater permeability,
nevertheless, the difference was not
significant since the kinetic diameters
of these gases were comparable. The
gases permeability in ~ the  carbon
membrane differed according to
whether it was made using a polymer
or MMM. Tirouni et al. [4] revealed
that CH4, C2Hs, C3Hs, and N2 could be
separated. The gas permeability was
observed to decrease in the sequence
C3Hg > CoHg > CH4 > No, indicating
that it was regulated by the solution
diffusion mechanism.

Gas diffusion was reliant on the
pore size and kinetic diameter of the
carbon membrane, since the carbon
membrane's primary contribution was
due to molecular sieving [52]. In
comparison to the polymer membrane
precursor, the carbon membrane

displayed a small pore size, resulting in
a more compact structure and a narrow
pore size distribution. The presence of
ZCC on the carbon membrane results
in an increase in the membrane's pore
diameters, from 0.93 - 1.73 nm. Thus,
it is expected that the hybrid carbon
membrane could have a greater
permeability.

100 {:H_l

C3,'~:|B C?!T‘G

g A
S O A A
> 10 = 0
8 »
E ° 0
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#— 298K {0— 298K

® 323K — 323K

A 373K 45— 373K

1

T T T T T T T
0.38 0.39 0.40 0.41 042 043 0.44
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Figure 6 Permeability of CH4, C,Hs, and
C;3Hgbased on kinetic diameters

As exhibited in Figure 7 (a and b),
the CH4/C2Hg and CH4/C3Hg separation
were investigated at different operating
temperatures (298, 323, and 373 K). At
ambient temperature (298 K), the
permeability values of the carbon
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membrane for CHs, CoHes, and C:sHs
were determined at 10.52, 6.38, and
10.35 Barrer. The CH4/C2He (1.65) and
CH4/C3Hg (1.02) selectivity was also
established. ZCC existence on carbon
membrane indicates the increasing of
gases permeability values of CHa,
CHs, and CsHs, which were
determined at 15.25 (45.01%), 11.23
(8.56 %), and 11.01 (72.62%) Barrer,
respectively, due to the higher average
pore size in hybrid carbon membrane.
However, the CH4/C;Hes (1.39)

(A) 503 I PG, cM

I ., Hom

A 4
[ Pe,H,CM

NN Pe.p,HEM
HWaCMm
O a HCM

Permeability (Barrer)

373

298 323

Temperature (K)

05

0.0

CH,/C H, Selectivity

selectivity occurred decreasing. This
result similar with reported by Wu et
al. [53]. The addition of filler on
carbon membrane increases the
permeability  but  decreases the
selectivity of the pair gases due to the
present of mesopore in hybrid carbon
membrane. CH4/C3Hs (1.36) selectivity
was increased because of the
production of large degree graphitic
carbons with a rather rigid structure
surrounding ZCC particles.
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Figure 7 Permeability and selectivity of (a) CH4/C3Hs and (b) CH4/C,Hs in the CM and the

HCM at determined different temperatures

The  highest selectivity  was
achieved on carbon membrane at 323
K. For CH4/C;Hs, a 23.53% increase
was noted, while for CH4/C;3;Hs, the
selectivity increased by 119.99%. The
higher selectivity results correlated
with the pore size distribution data on
both carbon and hybrid carbon
membranes. This temperature trend
was unique, as a concurrent decrease in
permeability was observed. At higher
operating temperature (i.e., 373 K), the
permeability on carbon membrane of
CH4, CoHs, and CsHg increased by
95.38%, 38.46%, and 143.54%,
respectively. Moreover, the CH4/C3Hg
selectivity increased by 41.11%, while
the CH4/CoHs selectivity decreased by
—19.77%. The highest permeability

was found in hybrid carbon membrane,
the increasing permeability values of
the gases for CH4, C;Hg, and CsHg
were  determined at  678.33%,
497.47%, and 814.10%, due to the
contribution of adsorption site of the
ZCC with higher surface area. In
addition, higher temperatures resulted
in greater kinetic energy and increased
molecular permeabilities, enabling gas
particles to diffuse at more quickly,
thus enhancing permeability [1].

This tendency paralleled the
findings of Favvas et al. [54]. The
researchers employed a co-polyimide-
based carbon membrane in their work.
The working temperature was altered
(313, 333, and 373 K), and it was
observed that the permeability reduced

_
N
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as the temperature increased to 333 K.
This finding in this study is also
similar with previous findings for other
microporous membranes, namely the
MFI  zeolite membrane [55-58].
Commonly, raising the temperature
improves the permeance of the
microporous membranes. Declining
permeance was observed at a specific
temperature. However, the permeance
rose further at higher temperatures.
Because of temperature dependence,
two competitive mechanisms
potentially occur in microporous
membranes: adsorption and activated
surface diffusion. Molecules hop
among adsorption activated sites in
micropore-dependent mass transfer.
Thus, raising the temperature aids the
process by enhancing diffusion.
However, the quantity of adsorbed
gases and occupancy degrees are
reduced [54].

At 323 K, the occupancy decreased,
leading to decreased permeance. Once
the working temperature was raised to
373 K, the adsorption influence was
diminished. It was well established that
molecules contained within pores
retain its gaseous state as well as

diffuse through one location (activated
sites) to another by passing an energy
barrier [54]. Translational diffusion
takes place as a result of the micropore
structure.  Additionally, it  was
discovered that the final calcination
temperature had an effect on the
carbon membrane's characteristics
(Table 2). A previous study reported
that carbonization of P84 co-polyimide
at high final temperature of 900 °C
resulted in a higher micropore diameter
of approximately 0.4 nm (ultra-
micropore) [54]. Higher carbonization
temperatures typically produce denser
structures, which  decrease  gas
permeability. Moreover, the variation
in the carbonization module led to
different outcomes. The membrane
performance was also compared to
commercial membranes previously
reported by Kagramanov et al. [59]. It
was determined that the P84-derived
carbon membrane evaluated in the
present study exhibited a significantly
improved  permeation rate  with
comparable selectivity. Thus, the
potential of this membrane further
applications and scale-up has been
demonstrated.

Table 2 Permeation performance during the separation of CH4+/CsHg and CH4/C;Hg in the
membrane

Temperature

Membrane (K) Permeability (Barrer)  Selectivity Reference
CH, C:Hs C;Hs CH4/C:Hs CH./C,Hs
10.52 10.35 6.38
Carbon 298 +1.01 £029 =+£0.73 1.02 1.65
Membrane 323 10.55 — 4.72 >-18 2.24 2.04
P84 (700 °C +£125 £0.19 £0.05
( ) 373 20.55 1433 15.53 143 132
+145 +£0.66 +0.17 ) This
_ 1525 1123 11.01 Work
Hybrid 298 2417 +111 +103 3 1.39
Carbon
Membrane 323 i‘%‘gg 2'3558 1'354 o 141 1.79
P84/ZCC ’ ’ ’
(700 °C) 373 81.86 61.82 58.28 132 140

+3.77 +£5.12 +£5.23
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Temperature Permeability
(K) (Barrer)

Temperature Permeability

Reference Membrane (K) (Barrer)

Membrane Selectivity

Polyurethane/

Silica MMM RT 16.79 118

44.49 0.14 0.38 [60]

Polyurethane/

Zeolite 4A RT

MMM

30.4 45.6

35.2 0.66 0.85

Polyurethane/

ZSM-5
MMM

RT 22.7 63.4

37 0.36 0.61

6F-DABA
carbon
molecular
sieve

RT 69.44 -

51.01 - 1.36

6FDA/BPDA-
DAM carbon

molecular
sieve

RT 3.05 0.59

2.65 5.17 1.15

Matrimid
carbon
molecular
sieve

RT 0.32 0.02

3.3 Analysis of Thermodynamics
and Activation Energy Approach

Thermodynamics  and  activation
energy studies utilizing the Arrhenius
equation were also used to analyze the
gas  permeabilities  result.  The
parameters examined were heat of
enthalpies (AH), entropies (AS), as
well as the alteration for the Gibbs free
energies (AG) as determined by
Equation 1. Plot of In(p/p) vs 1/T
provided a gradient equal to AH and an
interception corresponding to AS
(Table 3). The adsorption heat (i.e.,
enthalpy) value defined the vigor of
the interaction of both the adsorbent
(i.e., the active surface site in the
carbon membrane or hybrid carbon
membrane) and the adsorbate (CHa,
C>Hg, and CsHg) [40]. The AH values
of CHa4, C;Hg, and CsHg were all
negative (—0.75, —5.29, -544 k]
mol !, respectively) in the carbon
membrane and (—20.60, —13.49,
—15.87 kJ mol ™!, respectively) in the
hybrid carbon membrane, indicating

that these gases were adsorbing in an
exothermic process in the carbon
membrane. Notably, AH was below 80
kJ mol™!, demonstrating that physical
adsorption impacted the interaction
of the adsorbates and adsorbents [64].
Specifically, the contact was not
mediated by chemical bonds but rather
by dipole-dipole interactions among
the adsorbent surface (i.e., the
membrane surface) and the adsorbate's
atoms (i.e., the gas molecules). Due to
the adsorbate's small volume on the
surface, a powerful contact between
the adsorbate and adsorbent was
possible [40]. This was a reasonable
answer for the low permeabilities
result at 323 K since both adsorption
and activated surface diffusion
contributed to the gas transport
mechanism. Thus, a large drop in the
CsHg permeabilities (—54.42%) in
comparison to CoHs (-18.84%) was
caused by the higher AH value of C3Hg
than CyHg. Therefore, the CHa4/CsHs
selectivity was higher than the
CH4/CoHs  selectivity in  carbon
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membrane. Additionally, a 0.26%
increase in the permeability of CHy at
323 K was observed. The rise is
believed to be due to low AH, which
results in poor interactions among the
CHs4 adsorbate and the carbon
membrane's active surface site. The
introduction of ZCC filler to the
carbon membrane provided a higher
AH value than pristine carbon
membrane, exhibiting the adsorption
effect on hybrid carbon membrane was
stronger. Dependence on the operating
temperature at 323 K shows different
results compared with the carbon
membrane. The decreasing
permeability of CH4 was caused by a
high value of AH. Higher CH4/C>He
selectivity was found than CH4/CsHs
selectivity, contribution from stronger
adsorption effect on C>Hg than C3Hs.
As a result, a large decrease in the gas
permeability of CoHs (-55.01%) was
occurred in comparison to CoHs (-
44.32%).

The AS values for CH4, C2Hs, and
C3Hg of both carbon and its hybrid
carbon membranes were determined at
0.20, 0.19, 0.19 kJ mol! and at 0.14,
0.16, 0.15 kJ mol !, respectively. The
increased unpredictability at the
gas/solid interface during permeation
was indicated by the positive AS
values [65]. This exhibited that CHa,
C:He, and CsHs gases have the
mobility to diffuse in carbon
membrane pores.

All gases had negative AG values
for all gases were negative (Table 2),
indicating the diffusion process in the

membrane was spontaneous [40].
Improvements of operating
temperature contributed to a rise for
Gibbs free energy, suggesting that at
greater operating temperature, gas
adsorbed in  membrane  pores
proceeded more spontaneously. Yet,
the adsorption influence was ignored at
373 K. Additionally, it was interesting
to note that the activation energy or the
energy barrier had a greater effect on
the permeability. Table 3 summarized
the activation  energy  values
determined using Equation (2). C3Hs
(5.07 kJ mol') had a smaller
activation energy in a carbon
membrane than CHs (8.37 kJ mol™)
and CHe (11.99 kJ mol™).
Importantly, it was determined that the
activation energy took effect at 373 K.
The sequence of  decreasing
permeability was CoHs > CH4 > C3Hs.
The activation energy was expected to
operate as an energy barrier for active
surface diffusion. It was also supposed
that higher activation energy suggested
more significant penetration into the
micropores. Thus, the CHa4/CsHg
selectivity was higher than the
CH4/CyHs selectivity. The inclusion of
ZCC results in a larger energy
activation in the hybrid carbon
membrane than in the carbon
membrane.  Indicating  that  gas
penetration was more temperature
dependent than carbon membrane
owing to the ZCC's greater activated
surface areas.
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Table 3 Thermodynamic parameters and activation energy for CHi, C,Hs, and CsHg

permeabilities across carbon and hybrid carbon membranes

Temperature AH AS AG Ea

Membrane Gas (K) (kJ (kJ (kJ mol ) (kJ

mol ') mol ) mol )

CHs 298 —-0.75 0.20 —60.47 8.73
323 —65.48
373 —75.49

Carb CsHs 298 0.19 —61.37 5.07
Mfm(l)al;ane 323 ~66.07
373 —75.45

CHe 298 0.19 —61.23 11.99
323 —65.92
373 —75.30

Hybrid Carbon CHs 298 —20.60 0.14 —61.39 22.92
membrane 323 —64.81
373 —71.66

CsHg 298 —13.49 0.16 —60.84 23.32
323 —64.81
373 —72.75

CHe 298 —15.87 0.15 —60.91 23.21
323 —64.69
373 —72.25

4.0 CONCLUSION

The current work was successfully
produced a pristine carbon membrane
and hybrid carbon membrane utilizing
carbonization technique. XRD and
SEM analyses were used to validate
the material's structure. The obtained
XRD pattern exhibited a distinctive
graphitic phase. Furthermore,
carbonization producing a reduction of
the d-spacing number of membranes.
Notably, the XRD findings agreed well
with the SEM analysis, indicating the
formation of dense and compact
membrane structure. Gases
permeabilities were investigated at
three different operating temperatures
(298, 323, and 373 K) in order to
understand the gases' permeability
characteristics. The highest CH4/C3Hs

(2.24) and CH4/C2Hs (2.04) selectivity
was observed on carbon membrane at
323 K due to higher C3Hg and C;He
permeability  decreasing as  the
contribution of higher AH value, while
CH4 permeability slightly increase
because of the low AH value. The
highest permeability of gases (CHa,
CsHsg, and CoHg) was found on hybrid
carbon membrane at 373K which
contributed by the higher activation
energies which represent the gas
penetration tendency (22.92, 23.32,
and 23.21 kJ mol'). The membrane
transport mechanism involved
adsorption and activated surface
diffusion. The addition of filler in the
carbon membrane creates more
dependent permeation on temperature
due to the contribution of the
adsorption site of the ZCC with higher
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surface area. Furthermore, the presence
of ZCC improves thermal stability by

slowing the membrane's
decomposition rate.
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