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ABSTRACT: Hydrogen (H,) has become one of the promising =
alternative clean energy resources. Membrane technology is a :
potential method for hydrogen separation or production. This
study aims to develop a new carbon membrane for hydrogen
separation or production. Moreover, the permeation behavior of
H,, CO,, and CH, through a hollow fiber composite carbon
membrane derived from P84 co-polyimide and with incorporation
of zeolite composite carbon (ZCC) was also examined. ZCC was
synthesized via the impregnation method of sucrose into zeolite-Y
pores, followed by carbonization at 800 °C. Thus, this filler has a
high surface area, high microporosity, ordered pore structure, and
low hydrophilicity. The presence of zeolites in ZCC is predicted to
increase certain gases’ affinity for the membrane. Various heating
rates (1—5 °C/min) were applied during pyrolysis to understand the effect of the heating rate on the pore structure and H,/CO,
and H,/CH, gas separation performance. Moreover, gas permeation was evaluated at various temperatures (298—373 K) to study
the thermodynamic aspect of the process. A characteristic graphite peak was detected at 20 ~ 44° in all carbon samples. Scanning
electron microscopy (SEM) observations revealed the void-free surface and the asymmetric structure of the carbon membranes.
During the permeation test, it was found that gas permeation through the membrane was significantly affected by the temperature of
the separation process. The highest permeability of H,, CO,, and CH, was detected on the composite carbon membrane ata 3 °C/
min heating rate with a permeation temperature of 373 K. The thermodynamic study shows that CO, and H, have lower activation
energies compared to CH,. The transport mechanism of the membrane involved adsorption and activated surface diffusion. The
permeation temperature has a large impact on the transport of small penetrants in the carbon matrix.

1. INTRODUCTION 30% CO,." In this process, further separation of H, and CO, is
required.

Currently, major technologies for CO, separation are amine
absorption and cryogenic distillation, which are energy- and
cost-intensive processes.5 Pressure swing adsorption (PSA) is
commonly used for H, purification.® The major drawback of
this method is low energy efficiency consumption.” The
membrane technology process has attracted the attention of
researchers because of its low investment cost, simple
operation, and highly efficient energy consumption,® thus
making it a promising candidate for the process. Moreover, as
technology advances, a better separation performance is in
demand; thus, a novel membrane needs to be developed.

Hydrogen has become one of the promising alternative clean
energy resources. The increase in demand for hydrogen as
clean energy in the upcoming decade has been predicted
following the Paris Conference of the Parties (COP)
agreement in limiting the global temperature rise to “well
below 2 °C”." Among all hydrogen production technologies,
the gas steam reforming process is widely used for hydrogen
production by converting methane (CH,) into hydrogen
(H,).” However, in this process, not all methane gas can be
converted properly into hydrogen gas and so the produced gas
contains impurities. Thus, separation of hydrogen and methane
is important.

Another final product of gas stream reforming is carbon

dioxide (CO,) gas. Carbon dioxide is well known as a Received:  January 29, 2021
greenhouse gas that can contribute to global warming due to Accepted:  May 25, 2021
its highest retention time and greatest rate in the atmosphere.’ Published: June 7, 2021

Carbon dioxide is also produced from hydrogen production by
the syngas process, followed by the water gas shift (WGS)
reaction, which mainly consists of a mixture of 45% H, and
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Figure 1. FESEM morphology of P84/ZCC composite carbon membranes at various heating rates: (cross section, (A); (B); and (A1) zoom-in of
(A) and surface, (C)) 1 °C/min, (cross section, (D); (E); and (D1) zoom-in of (D) and surface, (F)) 3 °C/min, and (cross section, (G); (H); and

(G1) zoom-in of (G) and surface, (I)) 5 °C/min.

Based on the literature, inorganic membranes have superior

stability compared with polymeric membranes.” Among
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membranes,"*™"” carbon membranes, and silica mem-
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* are the most studied for gas separation. Among

them, carbon membranes offer the simplest manufacturing
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process and have superior thermal and chemical stability.
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Moreover, the gas separation performance is excellent.

Carbon membranes are usually produced via carbonization of a

polymeric precursor under vacuum or inert gas atmospheres
and at high temperatures ranging from 500 to 700 °C.*° The
polymeric precursor selection plays an important role in the
final pore structure of the carbon membrane.”” Glassy
polymers such as polyimide (PI) and their derivates have
been widely used in preparing carbon membranes due to their
well-rounded features.”*™>* Moreover, membrane module
selection, such as a hollow fiber carbon membrane, showed
good hydrogen separation performance for H,/CO, and H,/
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CH,.>>™ In this study, carbon membranes were produced
from P84 co-polyimide as the main precursor due to its
excellent separation performance.”®

In addition to the precursor selection, the heating rate
during the carbonization process is an important factor in
determining the separation properties of the carbon mem-
brane. Based on previous research, Favvas et al. reg)orted that
low heating rates resulted in low gas permeation.”” Suda and
Haraya reported increasing permeability of the produced
carbon membrane by applying a higher heating rate of
carbonization.”” The heating rate also influences the pore
structure and the characteristic of the resulting carbon
membrane.”"*> The heating rate treatment is commonly
used in the range of 1—13 °C/min, while the most effective
heating rate was in the range of 1-5 °C/ min.>¢ Thus, in this
study, the carbon membranes were carbonized at various
heating rates of 1-5 °C/min. Moreover, the effect of
permeation temperature in the range of 30—100 °C was also
investigated to understand the thermodynamic aspect of the
studied membrane.

Enhancement of the carbon membrane performance by
adding filler particles has received a lot of attention in recent
years. Inorganic particles, such as silica,*’ zeolite,** and carbon
molecular sieve,” are widely used as carbon membrane fillers.
Using inorganic fillers on membranes can lead to formation of
cracks on the membrane surface due to formation of separate
phases or microvoids along with the barrier of the phase fill
interface in the carbon matrix.*® Previously, we have also
studied a new type of filler on a mixed matrix membrane
(MMM), which is zeolite composite carbon (ZCC).*”** Our
results showed that addition of ZCC on the P84 polymeric
membrane could enhance the permeability and selectivity
performance of CO,/CH, and O,/N,. ZCC was synthesized
via impregnation of sucrose inside the zeolite pores. Sucrose
was selected as it provides a high carbon yield, which is suitable
for microporous carbon preparation.*” Moreover, addition of a
carbon layer inside the zeolite pore hinders the attraction of
moisture that leads to permeability reduction and reduces the
pore size to 7.29 + 0.04 A.*”**** This material has potential as
a filler for carbon membranes because of its regular pore
structure, high micropore site, and compatibility as carbon
membrane filler particles. The presence of zeolites in ZCC is
thought to increase certain gases’ affinity for the membrane,
resulting in better permeation. Addition of ZCC in the P84
membrane increased the permeability for CO, (1791%) and
CH, (585%)." In our previous study, addition of ZCC
improved both permeabilities of O, and N, and O,/N,
selectivity by 121, 165, and 81%, respectively, of the P84/
ZCC mixed matrix membrane.”” Thus, this study aims to
develop a composite hollow fiber carbon membrane derived
from P84/ZCC MMMs for H, purification.

The work continues previous research to provide insight
into the fundamentals of carbon membrane by investigating
characteristics at a variety of heating rate temperatures. A
comprehensive understanding of permeation of gases through
carbon membranes is essential to elucidate the adsorption
properties. Thus, the purpose of this study was to improve the
performance of co-polyimide carbon membranes with the ZCC
filler at various heating rates during carbonization. This
parameter is tested to determine the characteristics of the
membrane and its effect on membrane performance. Besides,
this research also studies the improvement of membrane
performance by varying the operating temperature during the

permeation and membrane selectivity testing process, as well as
studying the thermodynamic aspects of the gas separation
process and the process of the gas transport mechanism
through the membrane.

2. RESULTS AND DISCUSSION

2.1. Membrane Characterization. 2.1.1. Morphological
Structure of Composite Carbon Membranes. The prepared
carbon membranes at the various heating rates were
investigated using field emission scanning electron microscopy
(FESEM) to study membrane morphology. Figure
1A,B,D,E,G,H shows the cross-sectional morphology of the
carbon membrane at various heating rates. The morphological
profile of the P84/ZCC composite carbon membrane shows
that it consists of two outer and inner layers with a porous
fingerlike sublayer in between. This structure was obtained as a
result of phase inversion between coagulation liquid and
polymer solution during the dry/wet-spinning process.”® These
membrane structures are similar to the previously reported
membrane with the P84 co-polyimide polymeric material.**
This shows that there was no structural damage due to
stabilized precursors at 300 °C under N, atmospheric
conditions. All prepared carbon membranes show defect-free
surfaces (Figure 1C,F,I) and an asymmetric pore structure with
a dense layer on the top and fingerlike pores in the
substructure (Figure 1A,B,D,E,GH) similar to the mixed
matrix membrane from our previous study.””*® The carbon-
ization process in the polymer membrane produces an
amorphous carbon structure due to the destruction of the
C—H bond.*® Addition of the ZCC filler into the carbon
matrix shows good dispersion, as can be seen in Figure 1 of the
cross section and the surface morphology of the composite
carbon membrane.

The dense layer data of P84/ZCC composite carbon
membranes at various heating rates of 1, 3, and S °C/min is
shown in Table 1. The dense layer thickness of the hollow fiber

Table 1. Dense Layer Data of the P84/ZCC Composite
Carbon Membrane at Various Heating Rates

heating rates in P84/ZCC carbon

dense layer of P84/ZCC carbon
membrane (°C/min)

membrane (ym)
13.520 + 0.094
14.089 + 0.310
S 14.510 + 0.201

carbon membrane was measured using Image] software with at
least five-point measurements from several scanning electron
microscopy (SEM) images of corresponding membranes.”’
The heating rate treatment plays a major role in formation of
carbon structures on membranes. As reported by Sazali et al.,
the higher the heating rate of carbonization, the denser the
carbon membrane.”

Based on our previous study, the filler composition could
affect the orientation of the filler on the membrane surface.”” A
total of 1 wt % filler gives the ideal orientation of the filler
position on the membrane surface. In this study, we use a 1 wt
% filler composition assuming that it has similar properties.
Mustration of ZCC into carbon matrix-based P84 is displayed
in Figure 2.

2.1.2. Microstructure Composite Carbon Membranes. In
fabrication of carbon membranes influenced by heating rate
protocols, the heating rate becomes one of the main

https://doi.org/10.1021/acsomega.1c00512
ACS Omega 2021, 6, 15637—15650
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Figure 2. Illustration introduction of ZCC into carbon matrix-based
P84.

contributions to the carbon structure formation.”* The heating
rate influences the evolution rate of volatile components from
the polymer structure when pyrolyzing a polymeric membrane.
Typically, volatile byproducts may include ammonia (NH;),
hydrogen cyanide (HCN), methane (CH,), hydrogen (H,),
nitrogen (N,), carbon monoxide (CO), and others, depending
on the polymer.>® The heating rate also represents the time of
the sample exposed to heat, which afterward works on the
reaction and diffusion processes.’®

X-ray diffraction (XRD) characterization was performed to
examine the phase of the microstructure and the distance
between layers (d-spacing) of the carbon membrane as an
effect of the carbonization heating rate. The distance between
layers exhibits a gas difftusion path on the carbon
membrane.””*®* XRD diffractograms of carbon membranes
are shown in Figure 3. Diffractograms of all carbon membranes
contained an amorphous structure (002) and aromatic
graphite (100) at 20 of about 22 and 420

Compared to the precursor polymeric membrane, a carbon
membrane with a denser structure was obtained by decreasing
the d-spacing value. The polymeric precursor membrane has a
d-spacing value of 4.98 A after the pyrolysis process with a
variety of heating rates. The P84 carbon membrane has a d-
spacing value of 3.94 A. The d-spacing value at 20 (about 22°)
of the P84/ZCC composite carbon membrane was lower than
that of the P84 carbon membrane. This was caused by the
presence of ZCC, which creates a more regular structure. P84/
ZCC carbon membranes have a d-spacing value in a sequence
with the heating rates (1, 3, and S °C/min) of 3.67, 3.93, and
3.84 A, respectively. The value of d-spacing on carbon
merglg)ranes approaches the d-spacing value of graphite, 0.335
nm.

The P84/ZCC carbon membrane at the heating rate of 1
°C/min showed the smallest d-spacing value compared to the
amorphous structure phase (002) at other heating rates. This
was caused by a slow pyrolysis process at a low heating rate
due to the slower release of volatile components. Therefore,
the produced carbon membrane has a more regular structure.
The higher the heating rate, the quicker the pyrolysis process.
The increasing heating rates of carbonization contribute to the
increasing d-spacing value of the carbon membrane owing to
the faster volatile component release. As a result, an imperfect
graphite structure was formed; thus, the d-spacing value was
greater.”” However, the unique pattern was obtained at 5 °C/
min. Based on the XRD spectra at the carbonization heating
rate of 5 °C/min, it is seen that the peak is shifted to the right,
with the result that there appears to be a decrease in the d-
spacing value.”" The d-spacing value represents the dimension
of space for a small gas molecule to penetrate through a

(e)

[002] =3.84 [A]

(d)

[100]=2.17 [A]

[002] =3.93 [A]

[002] =3.67 [A]

[100]=2.19 [A]

Intensity (a.u)

[100]=2.11 [A]
[002] =3.94 [A]

d-spacing [A]=4.98

[100]=2.10 [A]
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Figure 3. XRD pattern of (a) polymeric precursor membrane, (b)
P84 carbon membrane, and the P84/ZCC composite carbon
membrane at various heating rates of (c) 1 °C/min, (d) 3 °C/min,
and (e) S °C/min, respectively.

membrane, and this data provides helpful information to
determine the permeability and the selectivity of a membrane
supported by other analyses. Sazali et al. reported that a
decrease in the d-spacing value results in narrow pore sizes.””
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The slight decrease of the average d-spacing of the carbon
membranes contributed to a great molecular sieving effect.””®*
The existence of a 26 peak at around 42° indicates an aromatic
graphite phase, showing that the amorphous carbon structure
has changed to aromatic carbon graphite. As a result, the
carbon membrane was predicted to have a high selectivity.®>**

The study by Su and Lua reports an uncommon trend that
occurs due to the influence of the heating rate on gas
permeability.®® Increasing the heating rate may or may not
increase certain gases’ permeability. The improvement in
permeability of He and CO, was found by increasing the
heating rate from 0.5 to 4 °C/min, but for N,, permeability
reduction occurred, and the permeability of 0, was not
affected.®®

2.1.3. Pore Character of the Composite Carbon Mem-
brane. Pore size distribution (PSD) from the N, adsorption—
desorption isotherm data was carried out using SAIEUS
software with the two-dimensional (2D) nonlocal density
functional theory (NLDFT) model.>® Figure 4 shows the PSD

0.20-
—(a)
—(b)
0.15 —(c)
—(d)
<
QI)
“E 0.101
)
E3
32
>
o
0.05
0.00 v 3 ; ; .
0 10 20 30 40 50

Pore Size (A)

Figure 4. Pore size distribution of (a) P84 carbon membrane and the
P84/ZCC composite carbon membrane at heating rates of (b) 1°C/
min, (c) 3 °C/min, and (d) 5 °C/min.

of the prepared membranes. The pore size plays an important
role in determining the gas diffusion mechanism in the P84/
ZCC composite carbon membranes. Pore size distribution
analysis was expected to describe the type of gas diffusion
occurring on the P84/ZCC composite carbon membranes.
Generally, carbon membrane with mesopores (2—50 nm pore
diameter), micropores (pore diameter <2 nm), and ultra-
micropores (pore diameter <0.6 nm) follow the gas diffusion
mechanism of Knudsen diffusion, surface adsorption, and
molecular sieving, respectively.”® The addition of ZCC as a
filler in the carbon membrane can create a more ordered pore
structure. The P84/ZCC composite carbon membrane at the
heating rate of 1 °C/min has the smallest pore size with an
average pore size of 0.897 nm. This result confirms the results
of X-ray diffraction (XRD) of the P84/ZCC d-spacing value.
The carbonization process occurs slowly with less pressure,
resulting in a carbon membrane with a more regular
structure.*”

The P84/ZCC composite carbon membrane treated at a
heating rate of 3 °C/min has micropores at 1.5—2 nm, as well
as has mesopores at 2.1—2.8 nm, and about 4 nm with small
intensity, respectively. The average pore size of the composite

15641

carbon membrane was 1.729 nm. The increasing heating rates
of carbonization contribute to the increasing pore size of the
carbon membrane owing to the faster volatile component
release. A similar result was reported by Xu et al.,, where an
increase of the heating rate of carbonization from 1 to 3 °C/
min contributed to the increasing pore size and deformation
occurring on the pores of the carbon membrane.*" Besides, the
higher pore size supported the increasing d-spacing data from 1
to 3 °C/min, which interconnected. The presence of
mesoporous composite carbon membranes corresponded to
the incomplete structural arrangement of graphite.*”

The P84/ZCC composite carbon membrane at a heating
rate of 5 °C/min possesses a micropore size with an average
pore size of 1.01 nm. The unique result of pore size
distribution becomes sharper in the micropore area, and a
decreasing mesopore was also reported previously.”” The
higher heating rate during pyrolysis leads to the loss of the
mesopores and an almost complete shift to a microporous
carbon product. The enhancement of the micropore area with
a narrow diameter is caused by the collapse of the micro/
mesoporous structure during the carbonization process.’’
Moreover, increasing the heating rate from 3 to 5 °C/min
enhances the microporosity percentage from 31.8 to 44.2%.%7
This supports the smaller d-spacing data compared to
composite carbon membranes at a heating rate of 3 °C/min.
Decreasing in d-spacing value affects molecular sieving
properties.40 Besides, the micropores on the composite carbon
membrane at a heating rate of S °C/min had the highest
intensity because the graphite phase on the carbon membrane
had a more regular structure.

In several previous studies, it has been stated that the
characteristics of the pore structure of porous inorganic
membranes have a strong influence in determining the gas
permeation diffusion mechanism.”*”” The porous inorganic
membrane having a pore of 0.5-2 nm was the limit of the
diffusion mechanism that works between molecular sieving and
Knudsen diffusion and/or surface diffusion.”’ The diffusion
mechanism of composite carbon membranes based on pore
size at heating rates of 1 and 5 °C/min was surface diffusion
(selective adsorption) because the pore diameter of the carbon
membrane was in the micropore range.”® Composite carbon
membranes at a heating rate of 3 °C/min have the diffusion
mechanism as a combination of surface diffusion (selective
adsorption), because of the presence of micropores, and
Knudsen diffusion as a result of the presence of mesopores.*®

The N, adsorption—desorption isotherms are shown in
Figure S5 and Table 2. the P84/ZCC composite carbon
membranes prepared at heating rates of 1 and 5 °C/min
indicate type 1 isotherm, while carbon membranes at the
heating rate of 3 °C/min indicate type IV according to the
International Union of Pure and Applied Chemistry
(IUPAC).”” Type 1 refers to pore filling at low pressure in
the presence of an increase in adsorbent—adsorptive
interactions in very narrow pores (close to molecular
dimensions), indicating that the carbon membrane has
micropores. On the other hand, the carbon membrane at the
heating rate of 3 °C/min shows type IV, which is indicated by
not being filled directly with pores at low pressure due to
adsorption occurring in mesoporous pores consisting of
multilayer adsorption followed by pore condensation. The
heating rate of the carbon membrane affects the resulting pore
structure, supporting XRD data, where the carbon membrane

https://doi.org/10.1021/acsomega.1c00512
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Figure S. Isothermal adsorption of the P84/ZCC composite carbon
membranes.

Table 2. N, Adsorption Parameters of the Composite
Carbon Membrane

P84/ZCC composite carbon

membrane
parameter 1°C/min 3 °C/min 3 °C/min
Sger (m?/g) 606.990  373.040  568.320
a, plot of micropore area (m?/g) 615.987  268.092  615.208
a, plot of external surface area (m?/g) 9.173 1.758 3.332
total pore volume (cc/g) 0.252 0.153 0.228
average pore size (nm) 0.897 1.729 1.010

with a heating rate of 3 °C/min has the highest d-spacing
value, which indicates the presence of mesopores.

2.1.4. Thermal Stability of the Composite Carbon
Membrane. The P84/ZCC composite carbon membranes
that have been prepared at various heating rates were also
analyzed using thermal gravimetric analysis (TGA) in a N, gas
environment to determine the thermal stability of the carbon
membrane. The TGA curve is shown in Figure 6. In all
composite carbon membranes, decomposition occurs at a
temperature of 100 °C by 8—11%, which indicates moisture
evaporation on the composite carbon membrane.”

The P84/ZCC composite carbon membranes have good
thermal stability as indicated by the 5—9% amount of mass lost
up to a temperature of 800 °C. The good thermal stability of
the P84/ZCC composite carbon membranes shows the
potential to be applied on a large scale. In addition, the
heating rate affects the stability of the P84/ZCC composite
carbon membrane. This is indicated by the percentage of mass
lost from the P84/ZCC composite carbon membrane at
various heating rates in the following order: 1 °C/min (18.6%
decomposed) > 3 °C/min (15.8% decomposed) > S °C/min
(14.5% decomposed). The higher the heating rate, the lesser
the percentage of mass lost. This shows that the produced
P84/ZCC composite carbon membrane is more stable.

2.2. Carbon Membrane Separation Performance at
Various Heating Rates. The P84/ZCC carbon membrane
was tested for the performance of H,/CO, and H,/CH, gas
separation at various heating rates. The gas separation results
of the P84/ZCC carbon membrane with the effect of the
heating rate are shown by the permeability and the selectivity
values in Table 3. For the P84/ZCC carbon membrane, the gas

Temperature (°C)

Figure 6. TGA curve of the P84/ZCC composite carbon membrane
at various heating rates of (a) 1 °C/min, (b) 3 °C/min, and (c) 5 °C/
min.

permeability values of H,, CO,, and CH, at a 1 °C/min
heating rate were 88.14, 21.9, and 8.47 barrer, and the
selectivity values of H,/CO, and H,/CH, gas pairs were 4.03
and 10.41, respectively. In addition, the gas permeability values
of H), CO,, and CH, at a 3 °C/min heating rate were 315.84,
75.39, and 15.25 barrer, and the selectivity values of the H,/
CO, and H,/CH, gas pairs were 4.19 and 20.71, respectively.
The P84/ZCC carbon membrane at a S °C/min heating rate
had H,, CO,, and CH, gas permeability values of 69.03, 6.46,
and 2.39 barrer, and the selectivity values of H,/CO, and H,/
CH, gas pairs were 10.69 and 28.86, respectively.

This research also studied the effect of pyrolysis temperature
on the gas separation performance of the P84/ZCC carbon
membrane at various heating rates, as shown in Table 3. The
permeability of all gases for the carbon membrane was higher
than that of the mixed matrix membrane (MMM) P84/ZCC.
The dominant gas transport mechanism on the carbon
membrane is molecular sieving.”’ Gas diffusivity in carbon
membranes depends on the size and diameter of the gas
molecules because the pore size of the membrane is close to
the dimensions of the gas molecules.”* H,, CO,, and CH, gas
permeability trends depend on the kinetic diameter of the gas.
The order of gas permeability from highest to lowest was H,
(0.289 nm) > CO, (0.33 nm) > CH, (0.38 nm).

The heating rate in pyrolysis controls the rate of evolution of
the volatile components of the polymer membrane during
carbonization and affects the microstructure of the resulting
carbon membrane.”® The permeability and selectivity perform-
ance of the gas pair (H,/CO, and H,/CH,) on the carbon
membrane with the influence of the heating rate is shown in
Figure Slab. The order of gas permeability values with the
effect of the heating rate is as follows: 3 °C/min > 1 °C/min >
5 °C/min. At a heating rate of 3 °C/min, the highest increase
in gas permeability was for H, (315.62 barrer, 258.34%
increase), CO, (75.39 barrer, 244.25% increase), and CH,
(15.25 barrer, 80.05% increase). This trend is the same as that
reported by Sazali et al., where the carbonization heating rate
of the polyimide (PI)/nanocrystalline cellulose (NCC)
membrane at 3 °C/min has the highest CO, and N,
permeation values; then, on increasing the heating rates of
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Table 3. Gas Separation Performance of the Carbon Membranes

permeability (barrer) selectivity

membrane H, CO, CH, H,/CO, H,/CH,
CM P84/ZCC 1 °C/min at 298 K 88.14 + 8.99 219 + 0.34 8.47 + 0.40 4.03 10.41
CM P84/ZCC 3 °C/min at 298 K 315.84 + 21.31 75.39 + 10.72 1525 + 4.17 4.19 20.71
CM P84/ZCC 3 °C/min at 323 K 12691 + 6.62 79.25 + 1.22 8.16 + 0.35 1.60 15.55
CM P84/ZCC 3 °C/min at 373 K 879.91 + 59.75 225.78 + 80.43 6543 + 3.01 3.90 13.45
CM P84/ZCC § °C/min at 298 K 69.03 + 46.47 6.46 + 2.33 2.39 + 0.37 10.69 28.86
PFA based C/CMS”® 1248 1.33 0.02 9.38 624.00
PP based CMS”’ 8.7 43 5.7 2.02 1.53
SBA-15/CMS® 667.5 222.5 8.9 3.00 75.00
PFA/zeolite-T%! 87.9 83.1 0.85 1.06 103.41
PF based C/SAPO-34** 10 8.7 0.1 3.00 100.00
Knudsen selectivity’” 4.69 2.83

carbonization by 5 °C/min, the permeation value decreased.”
Increasing the rate of carbonization heating can affect the pore
size distribution by producing smaller pores. Moreover, it can
cause other restrictions in the degrees of freedom of gas
rotation.”>’® Figure Slab shows the increase of gas pair
selectivity with the increasing rate of carbonization heating.
The carbonization heating rate of S °C/min had the highest
increase in gas pair selectivity in H,/CO, (10.69, 165.26%
increase) and H,/CH, (28.86, 177.23% increase). This is
because the polymer-based carbon membrane with a smaller
pore size can be obtained by a higher heating rate of
carbonization. In addition, an increase in the heating rate can
lead to the appearance of microscopic holes and cracks on the
membrane surface.”” The diffusion mechanism of the H,/CO,
and H,/CH, gas pairs was also reviewed with the Knudsen
selectivity, where Knudsen diffusion occurs due to molecular
collision against the pore wall and Knudsen selectivity is
obtained from the root ratio value of the molecular weight of
each gas pair.”” In the H,/CH, gas pair, the selectivity value is
3—10 times the Knudsen selectivity (2.83) of all carbon
membranes, which indicates that the diffusion mechanism
occurs due to surface diffusion (selective adsorption). In the
H,/CO, gas pair, the selectivity value of the carbon membrane
at the heating rate of 5 °C/min was two times that of the
Knudsen selectivity (4.69). The dominant diffusion mecha-
nism that occurs is surface diffusion (selective adsorption).
However, carbon membranes with heating rates of 1 and 3 °C/
min showed a lower selectivity value than the Knudsen
selectivity on H,/CO, separation.

2.3. Carbon Membrane Separation Performance
Influenced by Permeation Temperature. The P84/ZCC
carbon membrane produced at a heating rate of 3 °C/min (at
the optimum heating rate) was then tested for its performance
toward permeability and selectivity for H,/CO, and H,/CH,
at operating temperatures of 298, 323, and 373 K to
understand the thermodynamic properties of the membrane.
The results are listed in Table 3. The performance of the
carbon membrane treated at 3 °C/min heating rate and at
various permeation temperatures is shown in Figure S2. The
P84/ZCC carbon membrane at a 3 °C/min heating rate and a
permeation temperature of 298 K exhibits H,, CO,, and CH,,
permeability values of 315.84, 75.39, and 15.25 barrer,
respectively. On the other hand, the H,/CO, and H,/CH,
selectivities were 4.19 and 20.71, respectively. Gas permeability
values at 323 K of H,, CO,, and CH, were 126.91, 79.25, and
8.16 barrer, respectively, while the H,/CO, and H,/CH,
selectivities were 1.60 and 15.55, respectively. Gas permeability

values at 373 K of H,, CO,, and CH, were 879.91, 225.78, and
65.43 barrer, respectively, and the H,/CO, and H,/CH,
selectivities were 3.90 and 13.45, respectively. The operating
temperature during permeation has an influence on the gas
separation performance in the carbon membrane.*’ The
increase of temperature during permeation affects the proper-
ties of gas adsorption on the carbon membrane, which has a
surface diffusion mechanism (selective adsorption).** The gas
permeability patterns of H, CO, and CH, on carbon
membranes at various temperatures also depend on the kinetic
diameter of the gas. The following is the order of gas
permeability from the highest to the lowest: H, (0.289 nm) >
CO, (0.33 nm) > CH,, (0.38 nm).

Separation of the mixture gas (H,/CO, and H,/CH,) was
evaluated at various permeation temperatures of 298, 323, and
373 K, as shown in Figure S2ab. Permeation at room
temperature (298 K) had permeability values for H,, CO,, and
CH, of 315.84, 75.39, and 15.25 barrer, respectively, and the
selectivities of H,/CO, and H,/CH, were 4.19 and 20.71,
respectively. Gas permeation at 323 K decreased the
permeability of H, (—59.82%), CO, (—48.69%), and CH,
(—46.50%). However, there was an improvement in the
permeability of CO, (5.12%), followed by a reduction in the
selectivity of H,/CO, (—61.78%) and H,/CH, (—24.89%).
Permeation at 323 K has a unique pattern because the overall
gas permeability decreases. However, when the permeation
temperature was higher (at 373 K), the permeability of all H,,
CO,, and CH, gases was obtained as 178.60, 199.47, and
329.03%, respectively. This fact contributes to the selectivity
performance of H,/CO, and H,/CH, mixture gases, which
were decreased by —6.97 and —35.06%, respectively.

The permeability of CO, gas increases with the permeation
temperature. This is because the diffusivity of CO, increases
with the increase of temgerature, which has the same pattern as
those of other studies.””®> In addition, for other gases that
have decreased permeation at 323 K, this unique pattern is the
same as that in the study reported by Favvas et al. that used a
carbon membrane from co-polyimide precursors at various
permeation temperatures of 313, 333, and 373 K37 At 333 K,
the permeability is lower. These results are also supported by
other micromembranes in addition to carbon membranes such
as zeolite-MFI membranes in the studies of Au et al,,*® Bernal
et al,”” Lai and Tsapatsis,88 and Poshusta et al.*’ In general, an
increase of temperature is followed by an increase of
permeation in the micropore membrane, beyond the minimum
limit at a certain temperature, and then at a higher
temperature, the permeation further increases.
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There are two types of competition mechanisms in the
micropore membrane: adsorption and surface diffusion. Both
of the mechanisms are affected by the permeation temperature.
Micropores contribute to mass transport, in which gas
molecules jump between adsorption sites. Increasing the
temperature results in an increase in the activated and
diffusivity processes but a decrease in the extent of adsorption
and the occupancy rate.’” This assumption is used for
permeation at 323 K, where a decrease in the occupancy
occurs due to decreasing permeation. When the temperature
increases during permeation at 373 K, the adsorption effect is
negligible. The molecules in the pores maintain their gaseous
property and pass through from one site to another by
overcoming the energy barrier.”” The diffusion mechanism is
called translational diffusion and involves the micropore
structure. The prediction of the diffusion mechanism is
illustrated in Figure 7.

Composite Carbon
Membrane Pores

\
4 Permeate
Feed Gas (H,, Surface Diffusion PrATEN
CO,, and CH,) " Desorption
25 4 Y P W EEE L ERCEE T
\ \ \ \ \
L v ) i u / ) H ' o
4 :& :&i ﬁ( ﬁi ‘\& Ea (Activation Energy)
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P84/ZCC Composite Carbon
Membrane Surface

Figure 7. Prediction of the gas diffusion mechanism in the P84/ZCC
composite carbon membranes.

The permeation performance was also supported by
thermodynamics and activation energy data, which were
calculated via van’t Hoff and Arrhenius equations. The studied
parameters involve enthalpy (AH), entropy (AS), and the
change in Gibbs free energy (AG) obtained from eq 1. Plotting
In(p/p,) versus 1/T gave a slope corresponding to AH and an
intercept equal to AS (Table 4).

The heat of adsorption (enthalpy) confirms the strength of
the interactions among adsorbent and adsorbate,”® where the
adsorbate is a gas (H,, CO,, and CH,,) and the adsorbent is the
active surface site in the carbon membrane. The enthalpy
(AH) values of CO, and CH, were negative (—16.68 and
—20.60 kJ/mol). The negative enthalpy outcomes exhibit that
the adsorption of these gases on the carbon membrane was

exothermic. Meanwhile, H, gas had a positive enthalpy value
(54.69 kJ/mol). The positive enthalpy results indicated that
the adsorption of this gas on the carbon membrane was
endothermic. The enthalpy yield was not greater than 80 kJ/
mol, which shows that the adsorbate and adsorbent
interactions are influenced by physisorption.”” Physisorption
does not involve chemical bonds but is more dependent on the
difference between the dipoles on the surface of the adsorbent
(membrane surface) and the atoms in the adsorbate (gas
molecules). The volume of adsorbate covering the surface is
low, causing a strong interaction between adsorbate and
adsorbent.”” This argument can be applied to permeation at
323 K. The membrane transport mechanism is activated
surface adsorption and diffusion. Therefore, the decrease of H,
gas permeability (—59.82%) was higher than that of CH,
(—46.50%) due to the enthalpy value (AH) of H,, which was
greater than CH,. This causes a reduction in the selectivity of
H,/CH, gas separation (—24.89%). In addition, the perme-
ability of CO, gas increased at 323 K. This result was inversely
proportional to the decreased H, gas permeability, which
contributed to decreasing H,/CO, selectivity (—61.78%). This
was because the CO, gas at the operating temperature
increases in quantity, indicating its greater diffusivity. These
results were the same as those of other studies.””*>"" As a
result, the selectivity value of H,/CO, was also decreased by
—61.78%.

The entropy value (AS) in each gas (H,, CO,, and CH,) is
0.35, 0.14, and 0.14 kJ/mol, respectively. A positive value of
entropy indicates the increase of irregularity at the gas interface
during permeation.92 This shows that H,, CO,, and CH, gases
have the mobility for diffusion into the carbon membrane
pores. The smallest molecular size of H, gas contributes to the
highest gas entropy value.

The change in Gibbs free energy (AG) of all gases shows a
negative value, which is shown in Table 4. A negative result
implies that a spontaneous adsorption process occurred in the
permeation membrane.’® The increase in temperature at
permeation was followed by an increase in Gibbs free energy,
indicating that at higher temperatures at permeation, gas
adsorption was more spontaneous. However, at 373 K, the
adsorption is negligible. Permeability is more influenced by the
activation energy or energy barrier.”’

The activation energy is a barrier to the diffusion energy of
surface activation. Higher activation energy has a higher

Table 4. Thermodynamic Parameters and Energy of Activation for Permeation of H,, N,, and CH,

membranes

P84/ZCC composite carbon membrane (3 °C/min)

gas
H,

co,

CH,

PIM-EA(H,)-TB”® H,
co,
CH,
co,

CH,

carbon molecular sieve 6FDA/DETDA:DABA™

AH (kJ/mol)

AS (kJ/mol) AG (kJ/mol) E, (kJ/mol)

54.69 0.35 —50.14 (298 K) 15.13
—58.93 (323 K)
—76.52 (373 K)
—16.68 0.14 —61.23 (298 K) 14.21
—57.34 (323 K)
—60.75 (373 K)
—20.60 0.16 —67.57 (298 K) 20.15
—64.81 (323 K)
—71.66 (373 K)
—4.6 0.5
-16.7 8.6
—4.8 13.1
-7.7 16.6
-7.0 192
https://doi.org/10.1021/acsomega.1c00512
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tendency to penetrate the micropores. In this research, the
activation energy values were determined using eq 2, as shown
in Table 4. The sequence of activation energies is CO, (14.21
kJ/mol) < H, (15.13 kJ/mol) < CH, (20.15 kJ/mol).
Activation energy affects permeation at 373 K. Permeability
increases sequentially as CH, > CO, > H,. The value of the
increase in CO, is higher than that of H, due to the
insignificant difference in activation energy. Surface diffusion
from one site to another depends on the difference in dipoles
on the surface of the adsorbent. The presence of zeolite in the
alkaline form (Na) in the zeolite-carbon composite (ZCC)
filler increases the affinity of CO, gas due to acid—base
reactions.”’ Therefore, the increase in CO, permeability is
higher than that of H,, which results in the decrease of H,/
CO, selectivity (—6.97%). The value of the increase in
permeability of CH, (329.03%) was higher than that of H,
(178.60%) because the value of the activation energy of CH,
was higher than that of H,; thus, the selectivity of H,/CH, was
decreased by —35.06%.

The gas separation results of H,/CO, and H,/CH,
compared to the Robeson curve are shown in Figure 8.
Almost all carbon membranes, except for CM P84/ZCC at a
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Figure 8. Gas separation performance of (a) H,/CO, and (b) Hy/
CH, when compared with other literature data.”*** with respect to
the Robeson upper bound curve.”®

heating rate of 3 °C/min at 323 K, had good H,/CO, gas
separation results, which were over the Robeson upper bound,
and also show better performance compared to other
studies.”* "% CM P84/ZCC at a heating rate of 3 °C/min
and at 298 and 373 K showed good H,/CH, separation
performance.

3. CONCLUSIONS

A P84/ZCC composite carbon membrane has been success-
fully prepared via the pyrolytic process. The carbon formation
was confirmed using XRD and FESEM analysis. The XRD
pattern shows a typical peak of amorphous structure (002) and
aromatic graphite (100) at 26 of about 22 and 42°. The XRD
result confirms the SEM image that shows a defect-free surface
and an asymmetric structure of the membrane. Carbonization
conditions at various heating rates (1, 3, and S °C/min) were
used to study the effect of the heating rate on H,/CO, and
H,/CH, gas separation performance. The increasing heating
rate produces better selectivity, which at S °C/min has the
highest selectivity. The highest permeability was found at 3
°C/min due to the presence of mesopores. The diffusion
mechanism was a combination of adsorption and activated
surface diffusion. Different permeation temperatures result in
thermodynamic and activation energy. The gas permeability at
323 K was low owing to the adsorption properties’
contribution. The enthalpy (AH) values of H,, CO,, and
CH, were 54.69, —16.68, and —20.60 kJ/mol, respectively,
which suggested a stronger adsorption effect on H, than CH,
at 323 K. When the temperature increases during permeation
to 373 K, the adsorption effect is negligible. Activation energy
affects permeation at 373 K; the sequence of activation
energies is CO, (14.21 kJ/mol) < H, (15.13 kJ/mol) < CH,
(20.15 kJ/mol). Permeability increases sequentially as follows:
CH, > CO, > H,. Almost all carbon membranes show good
H,/CO, gas separation performance, which is above the
Robeson upper bound. The highest H,/CH, separation
performance was found for the CM P84/ZCC membrane
with a heating rate of 3 °C/min at temperatures of 298 and
373 K.

4. MATERIALS AND METHODS

4.1. Materials. The carbon membrane was prepared using
a P84 membrane, P84/ZCC mixed matrix membrane, and
ultra-high-purity N, gas (99.99% N,). An epoxy resin; P84
carbon membrane; and ultra-high-purity H,, CO,, and CH,
gases (99.99%) were used for the gas permeation tests. The
reasons for the selection of these materials are described in
Table S.

4.2. Methods. 4.2.1. Preparation of the P84/ZCC Carbon
Membrane. Preparation of zeolite composite carbon (ZCC)
can be found elsewhere.” Sucrose was impregnated into
zeolite-Y pores with a molar ratio of 12.5:10, followed by
pyrolysis at 800 °C. Preparation of the P84 and the P84/ZCC
mixed matrix membranes was carried out using a method
previously reported by Widiastuti et al.* Then, P84 and P84/
ZCC membranes underwent carbonization by a N, pyrolysis
process. Initially, the pyrolysis conditions involved stabilization
at 300 °C for 1 h, which was achieved at a heating rate of 3
°C/min. Subsequently, the temperature was increased to the
final pyrolysis temperature of 700 °C over 1 h at a heating rate
of 3 °C/min. Lastly, the membrane was allowed to cool
naturally to room temperature.
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Table 5. Name of Chemical, Structure, and Reason for Selection

Chemical Reason for selection Structure
P84 co- e High thermal stability
polyimide e Excellent physical
(BTDA-TDI properties
/MDI) "’ e Chemical composition can
be changed using a different "
molecular structure
Zeolite e Regular pore structure —
mpregnated
Composite e High micropore site using sucrose
Carbon ™% o Compatibility as carbon

membrane filler particles

e Sucrose as a precursor due

to high carbon yield *

&

Zeolite Y Structure: Zeolite Composite Carbon Structure

Permeate

Membrane

embrane Module
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P: Pressure
V: Valve

i$% : Electric Heater

pressure transducer
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Figure 9. Schematic diagram of the gas permeation rig used in the study.
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4.2.2. Membrane Characterization. X-ray diffraction
analysis (XRD-Philips PW1140/90) was employed to analyze
the d-spacing change during the formation of the carbon
membrane structure. A field emission scanning electron
microscope (JSM-7610F, JEOL) with a potential of 15 kV
was used for examining the membrane morphology. The pore
properties of the membrane were investigated using a surface
area and porosity analyzer (Micromeritics, ASAP 2020).

4.2.3. Gas Permeation Test. Single gas permeation
experiments were conducted utilizing H,, CO,, and CH,.
Permeation was measured at different permeation temper-
atures, specifically at 298, 323, and 373 K. Permeation of H,,
CO,, and CH, was measured using bubble flow and pressure
difference techniques depending on the permeance recorded.
Each gas was permeated from the outside to the inside of the
membrane. The feed pressure of the bubble flow was 2.2 bar.
More details on both methods can be found elsewhere.”® The
gas permeation rig is illustrated in Figure 9.

The permeability calculation was performed based on the
equation from Yoshiura et al.”” The gas permeance result can
be calculated using eq 1

_on X1
" HAAP (1)

where P; is the gas permeation in mol/(s m® Pa) (1 barrer =
3.35 X 107 mol/(s m Pa)), n; (mol) is the permeated
molecules, t (s) is the permeation time (s), AP (Pa) is the

15646

pressure differential,  is the length of the thickness (m), and A
is the effective membrane surface area (m?).
4.2.4. Thermodynamics. A thermodynamic study was

conducted to define the permeation characteristics of H,,
CO,, and CH, permeating through a carbon membrane. The
thermodynamic parameters were determined using the van’t

Hoff equation (eq 2)
p AH AS

Int =22 22

p, RT R (2)

where AH is the enthalpy of permeation (kJ/mol), T is the
temperature (K), p is the pressure at the equilibrium state

(bar), and R is the gas constant (8.314 J/(mol K)).*
4.2.5. Activation Energy. The Arrhenius equation was used

for the calculation of activation energy as shown in eq 3

E
IhnP=——+IP

RT ° 3)
where E, is the activation energy (kJ/mol), T is the
temperature (K), P is gas permeability (mol/(m s Pa)), P, is

the pre-exponential factor, and R is the gas constant (8.314 J/
(mol K)).**
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