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Abstract: The inorganic membrane MCM-41 (Mobile Compound Material) is introduced as a
purification method for biogas. In this experiment, the tertiary ammonium surfactant,
cethyltrimethylammonium bromide (CTAB) as an organic template, tetracthylortosilicate (TEOS) as
a source of silica, hydrochloric acid (HCl) as a catalyst, deionized water (H,O), and ethanol
(CoHsOH) were used to create the MCM-41 membrane. X-ray diffraction (XRD), scanning electron
microscopy (SEM), gas permeability, physisorption, pore size distribution, and BET (Brunauer-
Emmett-Teller) surface area were used to describe the produced membrane. This membrane has
excellent thermal stability, a small pore size distribution, pores that are on average around 2 nm in
size, a large specific surface area of 1200 m?/g, and pores that are 1.08 cm®/g in volume. The gas
separation mechanism in membrane showed the Knudsen flow, indicating the existence of
mesoporous structure. This membrane is recommended for biogas plant in separation of CH4 and

COs.
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1. Introduction

Currently, The fuel that used in daily life is primarily
supplied by fossil fuels. The fossil fuel resources are
getting limited. In the other hand, the carbon dioxide
emissions from fossil fuels causes environmental damage
and global warning?. Energy challenges and issues that
various nations, including Indonesia, are currently dealing
with dependence on imported fuels, inefficient energy
consumption, and poor utilization of novel and renewable
energy sources?. The burning of fossil fuels for industry
and electricity generation is linked to an increase in CO,
levels in the atmosphere. In the Paris Agreement against
Climate Change, countries agreed to reduce their CO,
emissions.”. Indonesia has set target of emission
reduction and net zero emission by 2060.% Some research
about green technology to reduce emission and achieve
green energy has been conducted. One of the renewable
energy sources, biogas, has the potential to take the place
of natural gas as a fuel and a raw material in a number of
industries. Biogas could be produced via anaerobic
digestion of organic wastes. Biogas often contains CO,,
H,, H»S, and N, in trace proportions, as well as trace
amounts of CHy4 (50-70% vol), CO> (30-38%vol) and
other gases.” The radiation-absorbing properties of high
CO; reduce cylinder temperature and postpone expansion
to a crank angle of 10-20° after top dead center®. The
potential biogas from palm oil milled effluent (POME) in

Indonesia was about 490 million cubic meter per year®.”
The purified biogas could be used directly as fuels for car
or truck and in gas engine to produce electricity®®. There
are many techniques to improve the quality of biogas. The
potential use of membranes, particularly in gas separation
applications such as gas separation for CO, removal in
natural gas, upgrading biogas, producing dry air, etc>'%!D,
In water scrubber, increasing the contact area between
biogas and water was needed to improve the effectivity by
filling the scrubber with random packing. On the one hand,
the addition of packing can block the scrubber, which
means the pressure will increase. This causes the energy
used to go up, and it can also cost to upgrade the biogas
system!?,

Membrane technology covers a very wide application,
such as separation and purification for liquid or gas,
electronic devices i.e. sensor, battery, etc. The potential
application of membranes especially in gas separation
such as gas separation for CO, removal in natural gas,
biogas upgrading, oxygen generator, nitrogen
concentrator, dry air production, etc.'>!%!9 There are two
types of membranes: organic membranes made from
polymers, and inorganic membranes made from materials
like metals. Polymers can be used to create membranes,
but only a few of them work well in practice because of
their chemical and physical properties. The polymeric
membranes have merits such as low risk in production (e.g.
cheap and simple) but they don’t have endurance against
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high temperature, mechanical strength and chemicals.
Membranes can be damaged by things like non-aqueous
organic solvents, dry atmospheres, or high temperatures.
This can cause the membrane to collapse and lose its
ability to filter things. Some things like high or low pH
might also cause the membrane to break down and be
destroyed by enzymes from bacteria. There are some
disadvantages to using organic membranes, but inorganic
ones are more stable and can be used in a wider variety of
applications.'®,

There are several inorganic membranes materials such
as metals, glasses, and ceramics. These materials are very
stable and can be used in high-temperature membrane
processes or in areas with high pH levels. This means that
it can be used either directly or together with microbes.
Characteristic of inorganic membranes could support the
upgrading process of biogas'?.

In natural ecosystem, biogas was produced at low pH
i.e. 3-5."¥ The acetate converts into CHs and CO, in
reactor as function of pH. The previous research high pH
could increase the CH4 content up to 79%. The utilization
of inorganic membrane could reduce the cost and carbon
footprint than the conventional one.')

Mesoporous materials that are known as M41S have a
lot of small, uniform channels with large surface areas. It
can be controlled how wide the channels are by using
different surfactants, chemicals, and reaction conditions.
The M41S family of materials have different types of
pores that are arranged in different ways. Materials can
have three different types of pores: one-dimensional
hexagonal pores, such as those found in MCM-41, three-
dimensional cubic pores, such as those found in MCM-48,
and an unstable lamellar structure, such as those found in
MCM-50. The synthesis of the M41S family involves the
use of a structure-directing surfactant, a solvent, a source
of silica, and a acid or base catalyst. This paper is focused
on the study of synthesis and characterization of MCM-41
inorganic membrane, transport mechanism of gas and
prospect its application for upgrading biogas.?” This paper
was focused on preparation and characterization of MCM-
41 membrane for biogas upgrading to produce bio
methane/bio CNG (Compressed Natural Gas).

2. Experimental

On an asymmetrically structured flat porous alpha
alumina disk, which served as the support, the MCM-41
inorganic membrane was created. The upper layer's pores
have an average diameter of about 100 nm. The alumina
support was treated with ethanol and deionized water, then
dried. The parent solution was created using tetraethyl
orthosilicate (TEOS), quaternary ammonium surfactant,
Ci6H33(CH3); NBr, hydrochloric acid, ethanol, and
deionized water. The mother solution of MCM-41
membrane was prepared using molar ratio as follows : 1,0
TEOS: 0,05 CTAB: 0,5 HCI: 25 C,HsOH and 75 H,O. For
30 minutes, the mixture was agitated at 200 rpm at 30 °C.
The alumina support then dip into parent solutions then

water content was removed at 100 °C for 1 hour. After that,
it was calcined for an hour at 600 °C with a 1 °C per
minute heating rate. Figure 1 depicts the preparation
procedure for the inorganic membrane MCM-41 in
a flow diagram.

TEOS, CTAB., HCI, ethanol, deionized water

|

MIXING

\ 4

DIP COATING

Alpha alumina —

r 3

CALCINATION

v
Inorganic MCM-41 Membrane

Fig. 1: The Diagram of MCM-41 membrane preparation

The structure of synthesized membrane was analyzed
by X-ray diffraction (XRD) using Cu Ka radiation
A=1.540 A (Philips X’s Pert-MRD). Further more
microstructure of membrane was characterized using a
JEOL Co., Ltd. scanning electron microscope (SEM),
model JED-2100. Characteristic of pores and gas transport
mechanism in membrane was analyzed using nitrogen
adsorption-desorption isothermal at 44 K, Quantachrome
AUTOSORB-1 and gas permeation. Pores on a membrane
are very sensitive to the size and shape of the pores, as
well as the connectivity of the pores. This sensitivity
determines how much fluid (or gas) can be moved through
the membrane per unit difference in pressure. The
permeability (or permeance) of a membrane is a measure
of this ability. Permeability is usually expressed in terms
of kilograms of fluid (or gas) moved per liter of pressure
difference, called permselectivity. The permeability of
two gases is usually called permselectivity to the
membrane. The permeability, P, of a weakly adsorbed gas,
such as helium, through a membrane can be used to
calculate the gas diffusion coefficient. The measurements
of gas permeation were conducted at 300-873 K of
temperature range, and 123 kPa of pressure. The rate of
each gas's escape from the interior of the membrane tube
at atmospheric pressure was gauged using a sensitive
bubble flow meter.

The permeation experiment was conducted at room
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temperature. For more accurate readings of permeability,
the gas was also measured with a GC-TCD (gas
chromatograph with thermal conductivity detector). The
flow rate of gas coming out of the tube on the side of the
container was measured with a bubble flow meter. The gas
was then injected into a gas chromatography machine to
determine the concentration of the gas that was permeated.
The steady state flux of the pure component can be
evaluated from the pressure and time response of
transducer. The active area of membrane for permeation
was 1 cm?. The flux of permeate gas was observed and
utilized to calculate the permeance.

Physisorption isothermal was conducted by using
Quanta chrome Autosorb-1. This equipment is capable of
measuring nitrogen adsorption or desorption at relative
pressures (p/po) between 0.001 and 1.0. The adsorption
and desorption isotherm of inert gas, like N», at 77 K is
determined by what pressure it is under. The isotherm is a
curve that shows how the adsorption and desorption rates
change with pressure. This is to find out the gas
concentration (p/p°) in the sample that can be measured
using a volumetric gravimetric method. The information
was gathered from a cell that contained a solid adsorbent
and was maintained at a temperature that was below the
adsorbent's critical temperature. The pressure inside the
cell fluctuated as adsorption or desorption took place until
it achieved equilibrium. The amount of gas that was added
to or taken away from the vicinity of the adsorbent was
utilized to calculate the quantity of gas required to fill the
vicinity of the adsorbent. Because the vapor pressure
could be monitored for each data point, P/PO could be
calculated with a high degree of accuracy and precision
that was gathered for the measurement of the saturation
pressure during the investigation. The adsorbed quantity
are presented as volume (STP). Before each sorption
calculation, the sample was outgassed at 573 K for 1 h
under a turbo molecular pump vacuum.?!

A solid object's surface area can be measured using the
Brunauer-Emmett-Teller (BET) method. In order to use
this method, a linear plot of 1/[W(p°p)-1] versus p/p° in
the vicinity of p/p® 0.04 to 0.35 is needed. However, for
microporous materials, the pressure in the linear region is
lowered to make sure accurate results can be obtained.
Total of surface area of the sample was obtained from the
calculation of mol times Avogadro’s number and cross-
sectional area of nitrogen i.e. 16.2 A2 then divide by the
molecular weight of the adsorbed.

Assuming that the pores are filled with a liquid that has
been adsorbed and that the solid has no macropores, the
total pore volume is determined. If the material does really
have macropores, the isotherm will rise swiftly close to 1
p/p°, and with careful temperature control, the total pore
volume can be estimated with accuracy. The limiting
adsorption at the boundary of bulky macropores, however,
may be reliably determined with the total pore volume
assuming certain temperature control of the sample. This
is because the isotherm increases quickly around p/p°=1

when bulky macropores are present.

There is general agreement that the desorption isotherm
is a better way to find out pore size distribution than using
the adsorption isothermal method. The desorption branch
of the isotherm exposes a lower pressure, which concludes
in a bring-down liberated energy state. This means the
desorption isotherm is nearer to actual thermodynamic
stability. The adsorption of adsorbates and adsorbents is
classified according to the strength of the forces involved.
Low enthalpy defines physical adsorption, which includes
weaker forces including van der Waals forces, London
forces, and polar contacts. Chemical adsorption, which
outcome in the arrangement of a monolayer of adsorbate
on the adsorben, occurs when adsorbates and adsorbents
interact through chemical bonding. A thin adsorbate
coating is created on the adsorbent as a result of
physisorption. The more adsorbate there is, the more
layers of it will be formed??.

To ensure the active pore of membrane, permporometry
analysis was carried out. While the passive holes are
inactive and make no contribution, the active pores enable
effective gas diffusion. The only technique that is
currently suitable for determining the size distribution of
the active pores in porous media with diameters ranging
from around 1.5 to 100nm is permporometry. This is
specially important for porous media with an asymmetric
structure. This technique measures the gas flux through
the membrane's remaining open holes by using the
controlled occlusion of pores caused by -capillary
condensation of vapor, which is a component of the gas
mixture. Pore size is determined by the long-familiar
phenomenon of capillary condensation of a liquid inside a
porous medium. The pressure of condensed liquid in a
small pore in a liquid-gas interface is related to the
curvature of the interface and can be accurately
represented by Kelvin's relation. Starting from the
minimum in diffusional transport when relative pressure
equal to 1, then the relative pressure was decreased to zero,
at the same time the diffusional flux of nitrogen through
membrane is measured with gas chromatograph. In this
way a desorption isotherm is acquired, given in term of
nitrogen flux at various relative pressure of water.

3. Results and Discussion

The synthesized membranes had been analyzed by
XRD using Cu Ka radiation. Based on Figure 2. that the
membrane shows XRD pattern of the MCM-41 structure
for 3 times dip coating and after calcination at 600 °C for
1 hour was clearly observed by the highest peak of (100)
and three others small peaks (110), (200) and (210). The
MCM-41 structure exhibits the visual aspect of an
overwhelming diffraction peak at 2.4° with the plant (100)
indicated ordered porous structure. Other weak diffraction
peak at 3,6°, 4.3° and 5.4°. Which corresponds to the
planes (110), (200) and (210) was verify the mesoporous
structure. The MCM-41 structure was still observed
clearly after calcination at 600 °C, indicating a good
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stability structure at high temperature®.

(100)

[ne] Aysuayuj

2 theta [degrees]

Fig. 2: XRD pattern of synthesized MCM-41 membrane (3
times dip coating)

Nitrogen adsorption-desorption isothermal experiment
at 44 K results was showed at Figure 3. There was no
hysteresis at the graph of nitrogen adsorption and
desorption isothermal. This phenomenon was indicating
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Fig. 3: Adsorption-desorption isothermal nitrogen in MCM-
41 membrane

the same pore size at outside and inside of pores. The
physical phenomenon loop related to capillary
condensation.

Adsorption hysteresis is crucial for both the network
effect of pore structure and adsorption stability. This is
especially true for nanoporous medium, where pore
blockage can have an impact on the desorption branch of
the isotherm 2V,

The relative vapor pressure (p/po) ranged from 0 to 1.
The increase in the nitrogen adsorption curve from 0.2 to
0.5 relative vapor pressure indicates the membrane has a
mesoporous structure. This data was supported by curve
of desorption showed the significant decrease at the same
area of increasing curve of adsorption. The sharp increase
as seen at 0.2 to 0.5 is due to capillary nitrogen

condensation in the mesoporous. The sharp inflection
indicates homogeneous pore size and height, which points
to a high pore volume 2%,

Barrett Joyner Halenda (BJH) pore size distribution
could be calculated as shown at Figure 4. With an average
BJH pore size of only 2 nm, the membrane exhibits a
restricted pore size dispersion. BET had pore volumes of
1.08 cm3/g and 1200 m?/g, respectively. High porosity
and pore volume of the membrane was also observed
clearly form Scanning Electron Microscope (SEM) image
as shown in Figure 5. The MCM-41 membrane had a
thickness of around 20 m.

dv/dD [ce/g/ Al

Diameter [nm]

Fig. 4: Distribution of BJH pores in the MCM-41 membrane

U : KV -Seavm ’

» Per e
agetd

Fig. 5: SEM imageof membrane

Transparent at room temperature, gas permeation
testing shows that before calcined membranes became
impermeable to N, and were filled with small, dense
particles of MCM-41. All the pore was completely
blocked by silica and surfactant. Figure 6 displays the
transmembrane pressure vs gas permeance for a variety of
gases, including CO,, N», CHs, He, and H,. The
permeability of a material decreases as the square root of
its molecular weight. shown in Figure 6 with standard
error of regression about 1.03 % proving that the diffusion
mechanism is Knudsen flow. Pure gases consistently pass
through the MCM-41 membrane with a pressure drop,
demonstrating that viscous flow does not contribute to
total permeance. The membranes contain a tiny pinhole
brought on by viscous flow. To be attractive as a
membrane for a wide range of applications, it must have
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high permeability and high selectivity. The Knudsen
diffusion is a phenomenon that appears when the average
distance between intermolecular collisions in the gas
phase is significantly greater than the average distance
between pore walls. As a result, transport happens when
diffusing molecules collide with the pore walls. The
composition of porous support is frequently connected to
Knudsen's diffusion coefficient. The permselectivity of
the membrane in the Knudsen method is consequently
equal to the square root of the reciprocal of the molecular
weight ratio?2),

Permeability [P x 107 mol m# S Pa‘l]

0 1 1 1 1 1 L 1

0 0l 02 03 04 0.5 06 0.7 08
Inverse square root molecular of gas (1(VM) [-]

Fig. 6: Permeability Vs inversely square root molecular
weight of some gases

The correlation graph between the diffusive flow and
the relative water vapor pressure for membrane is shown
in Figure 7. As the pressure of the water grew, the flux of
nitrogen through the membrane decreased proportionally
to the vapor pressure of the water. This shows that the
membrane has a narrow pore size distribution, which is
perfect for boosting nitrogen transfer efficiency. From the
sharp decrease results, indicated that there is no big
pinhole or cracks in the synthesized membrane®”. The
Kelvin radius, which is used to determine the actual pore
radius, must be accurate for the adsorbed t-layer. This t-
layer is determined from independent adsorption
investigation carried out on non-porous surfaces, which
are done using homogeneous methods. However, because
these methods are specific to laboratories, an
approximation was made when calculating the t-layer
directly from the permporometry data. According to data
as shown in Figure 8, Kelvin diameter was calculated
about 2.5 nm. The real pore size may be around 3 nm when
taking into account the presence of a t-layer for
permporometric assessment.

9
< T {
= 3
w
o T |
= &
4
Es
- 4 |
x
=3
w
~ 2
=
1}
@ 0.1 0.2 0.3 0.4 0.5 0.6 0.7 .8 0.9
P/P? (H,0)
Fig. 7: Permporometry of MCM-41 membrane
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Fig. 8: Kelvin Diameter of synthesized MCM-41 membrane

4. Conclusions

The hexagonal pore structure of MCM-41 membranes
was able to be created on alpha-alumina support by dip
coating. The average BJH pore size in the synthesized
membrane was around 2 nm, and it had a narrow pore size
distribution. Since the overall permeance of pure gases
through MCM-41 membranes was constant with pressure
drop, there was no supply of viscous flow. Gas
permeability was inversely correlated with molecular
weight square root. Diffusion mechanism is Knudsen flow.
The structures have a good stability in high temperature
and low pH condition. Pore pressure below 900 psi causes
the permeability to rise as the pressure drops more. Since
their effects are more pronounced at low pore pressures,
Knudsen diffusion and slip flow dominate the
permeability shift in this regime. This result was open the
wide application for upgrading biogas.
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