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Graphical abstract Abstract

This paper studies the gas transport properties of PES-nanosilica hybrid mixed
maftrix membrane for biogas purification. Problem statement: The hybrid mixed
matrix membrane was produced to improve the membrane separation
performance for biogas purification. The membrane was produced via dry-wet
phase inversion method, in which the nanosilica was incorporated into
polyethersulfone membranes and the prepared membrane was performed on
biogas separation experimental test. Quantitative result: The SEM images analysis
confirmed that nanosilica surface had taken important role in gas transport
properties. Moreover, the nano-gaps (voids) between polymer and nanosilica
parficles were disappeared in the polyethersulfone hybrid mixed matrix
membrane. The results revealed that the good nano-silica dispersion leads to
enhance the properties of gas permeation up to 200% and slighly increased the
selectivity about 0.9% of the nanosilica concentration 8 wt-%. Conclusion: It can
be concluded that incorporation of nanosilicas particles into the matrix of
polyethersulfone polymer significantly enhanced the membrane structure and
separation properties.
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environments to convert organic substance into
methane gas [1]. However, due to the low quality of
biogas it caused the use of biogas is limited, this low
quality is because biogas contains CO2 (20-45 vol%)
and H2S (0-1 vol%) as the impurities of main
component CHs (55-80 vol%). Hence, the purified
biogas with high methane content can be utilized for
household fuels application, vehicle machines fuel or

1.0 INTRODUCTION

The increasing energy needs of citizen is one of the
most important issue that will be faced in the recent
years. An environmental friendly energy source
needs to be found along with the effort to find a long
term renewable energy sources. Biogas is a

renewable energy source that has a great

opportunity to take advantage of certain categories
of biomass to meet most of the world's energy needs.
Anaerobic digestion is a nafural process utilizing
methanogenic  microorganism in  oxygen-limited

electricity generation. It is very necessary to make
biogas is easy to be transported. This could be
performed by compressing thi biogas in a vessel after
removing COz, H2S and water vapor. To increase the
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caloric value of biogas can be achieved by the
enrichment of methane in biogas with removing the
content of carbon dioxide (COz2). The removal of CO2
from the biogas beside can enhanced the caloric
value of biogas combustion. it can also lowering the
green house effects. The recent fechnologies to
remove acid gas (CO2 and H2S) and caloric value
enhancement limited on physical and chemical
methods such as amine based sepratfion, cryogenic
separation, and membrane based separation [2, 3].
Membrane based separation of gases propose
benefits over the convenfional separation
technologies such as distillation, absorption, amine
freatment, and scrubbing [4, 5]. Gas separation using
membrane technology offers many significant
advantages such as compact and modular design
so it easily to be scaled-up or scaled-down,
membrane based technology can by operated in
mild  condition (ambient temperature) and
membrane technology is low energy consumption so
it greatly reduces the electricity and fuel
consumption. The incorporation of inorganic material
in membrane matrix has attracted attention in recent
membrane studies [6-7].

Mixed matrix membrane concept integrates the
synergistic of effective separation properties of the
molecular sieves and simple processing and
favorable mechanical properties of polymers. The
many previous studies stated that the improvement
of mixed matrix membrane separation performance
can be performed by incorporating nonporous or
porous inorganic filler such as silica, alumina, zeolite,
carbon nano tubes, activated carbon, and carbon
nano tubes. Currently, the incorporation of nanosilica
and carbon nano tubes in the fabrication of mixed
matrix membrane have been devoted as potential
nano filler [8-10]. Nanocomposite membrane
normally used nanosized particle as inorganic filler
such as nanosilica, clay, carbon nano tubes (CNTs)
and activated carbon to improve the mechanical,
thermal, and electrical properties of polymers. The
nanocomposite polymers properfies of nanosilica
containing matrix depends on some factors in
addition to the polymer: the concenfration of
nanosilica loaded, interaction of filler surface and
polymer mafrix and post-treatment of hybrid
membrane [11].

Hybrid membrane consisting of polysulfone of
polyimide as polymer material and mesoporous silica
spheres as inorganic  filler increased the
permselectivity with the increasing of inroganic filler
concentration [12]. It was reported that this behavior
is due to (a) filer has a higher permeability
campared with polymer and (b) the filler addition
induced the changes of polymer structure. The
cellulose acetate-silica nanocomposite membranes
was fabricated to study the separation properties of
paraffin’s and olefin’'s such as ethane/ethylene and
propane/porpylene [13]. They stated that the
permeability enhanced with increasing of silica
concenfration in  membrane matrix and the
permeability of olefins is greater than paraffins.

As mentioned, nanosilica incorporation in membrane
fabrication have been proposed as great potential
material for a various kind of application such as
polymer reinforncement. Nevertheless, the utilization
of nanosilica as reinforcement material in polymer
has been a challenge because of the difficulties to
achieve good dispersion and interfacial adhesion of
nanosilica and polymer matrix fo avoid the formation
of nanogaps between nanosilica and polymer wich
leads on lowering the selectivity performance of
membrane. Therefore, this research is focused on
fabrication of hybrid mixed matrix membrane with
nanosilica as inroganic filler for bio gas separation.

2.0 METHODOLOGY
2.1 Materials

Polyethersulfone (PES) as polymer was purchased
from Solvay Advanced Material (USA). PES polymer
was dried at 120°C for 12 h before being used. N-
methyl pyrrolidone (NMP) was supplied from merck
as polymer solvent. Nanosilica as inorganic nano
particle filler was purchased from Nano Center
Indonesia with particle size 50 nm.

2.2 Fabrication of PES-nanosilica Hybrid Mixed Matrix
Membrane

Hybrid mixed matrix membrane was fabricated by
preparing the dope solution comprising of 22 wt-% of
Polyethersulfone  (PES) polymer, 78% N-methyl
pyrolidone as solvent, and nanosilica with various
concentration of 1.5 and 8 wt-% in fofal solid. The
stable and stable dope solution was prepared by the
following procedures. An appropriate amount of
nanosilica was added into the NMP solvent and
constantly mixed for 24 h to avoid particle
aggregation. Subsquently an appropriate amount of
PES was added to the mixture. The dope solution was
mixed for 24 to obtain stable and homogeneous
dope solution. The homogeneous dope solution was
placed under vacuum condifion for 3 hours to
eliminate air bubbles. The polymeric dope solution
was casted into flat sheet membrane via dry-wet
phase inversion method. The solution was casted on
the clean flat glass plate and the solution was
flattened using casting knife with  membrane
thickness 150 um.

2.3 Post Treatment (Silicone Rubber Coating)
Procedure

To overcome the generation of voids in the
membrane due to the formation of nanogaps, an
assembled of nanosilica hybrid mixed matrix
membranes were immersed in a coating solution
comprising of poludimethylsiloxane 3% in n-hexane
solvent for 24 h. The coated membrane then was
thermal cured in oven at 120°C for 72 hours to cure
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the siicone rubber coating. Afterwards, the
separation performance of prepared membranes
were investigated by using pure methane gas and
carbon dioxide gas permeation test as samples of
biogas.

2.4 Morphological Characterization of Mixed Matrix
Membrane

The analyzing of membrane structure was performed
using Scanning Electron Microscopy (SEM) fo
investigate the presence of nanogaps between
nanoparticles and polymer matrix. The analysis was
performed by fracturing the membrane in LN2. The
prepared membrane was essembled on a double
surface tape aluminium disk and then the sample
holder was placed and evacuated in a sputter
coater with gold. The magnified image of membrane
was displayed on the monitor.

3.0 RESULTS AND DISCUSSION

3.1 Fabrication and Characterization of PES-
nanosilica Hybrid Mixed Matrix Membranes

Figures 1(a)-(b) show the SEM image micrograph of
the surface section of the PES-8 wi-% nanosilica
hybrid mixed mafrix membrane in different
magnification. As shown in the Figure 1, the
nanosilica parficles were observed to be good
surface coverage through out the PES membrane.
Figure 1(b) showed that the polymer chain attached
on the nanosilica surfaces and no unselective voids
were observed, it indicates that nanosilica has better
adhesion perperties with PES polymer matrix. This
could be explained from the nanosilica properties
used in this research. The surface of the nanosilica
has been ftreated with silane. Hence, the silica
particles were covered with silanol group wich has
acidic properties. This silanol functional group could
react with polymeric molecules induced to the
generation of aftachment layer between PES matrix
and nanosilica inorganic filler. However, in the mixed
mafrix membrane with 8 wHt% nanosilica
incorporation was oberserved an agglomeration of
silica particles and formed a fine silica domain in PES
maftrix as despited in Figure 1(a). Even though some
silica particles formed an aggregation and nanosilica
domains, at higher magnification of SEM image
displayed in Figure 1(b) shows that the nanosilica
particles are well attached within PES matrix.

The agglomeratfion of nanosilica particles
probably caused by high concentration of silica
particles in the mixed matrix membrane. For a more
thorough investigation of the surface SEM image
revealed that silica agglomeration/silica domain was
observed obfrusive on membrane surface as shown
in Figure 1(b). The agglomeration of silica particles
could defects the structure of skin layer delivering in
high gas permeability and low separation factor (gas
selectivity). The generation of silica aggregate could

be due to the presence of high concenfration of
nano particles. To remove the agglomeration of
nanosilica particles, the concentration of nanosilica
loaded in PES polymer should be reduced, in other
way the agitation in dope solution perparation
should be prolonged.

The SEM surface sectfion images of 1.5 wi%
nanosilica-PES hybrid mixed matrix membranes are
despited in Figure 2, respectively. Figure 2 showed
that PES-nanosilica hybrid mixed matrix membrane
was successfully formed. It was found small
aggregation of nanoparticles. It also observed that
nanosilica particles are well dispersed in PES matrix.
Figure 2 was also shows that nanosilica particles are
aftached within the outhermost layer structure.
Therefore, the PES-nanosilica hybrid mixed matrix
membrane with nanosilica incorporation displayed a
good adhesion between nano filler and PES matrix
and removes the nanogaps due to de-attachment
of polymer in filler surface as despited in Figure 2.

The gas separation performance test of PES-8 wi%
nanosilica and PES-1.5 wi% nanosilica hybrid mixed
metarix membranes were tested using a variation of
pressure with a constant volume condition. The
permeation of the pure gasses (methane and
carbon dioxide) through each prepared hybrid
mixed matrix membrane was tested for 3 times runs.
Table 1 shows the permeability of pure gasses (CO2
and CHs4) and the calculation result of ideal
selectivity for CO2/CH4 gas pairs.
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(b)
Figure 1 SEM images of PES- 8 wt % nano-silica hybrid MMMs
at the (a) surface image layer (b) near active surface layer
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Figure 2 SEM images of PES- 1.5 wt % nanosilica hybrid
MMMs at surface image layer

The permeability of all gasses increased as well as
the increase of nanosilica concentration in the PES
matrix. The concentration of 1.5 wt-% of nanosilica
loading in PES polymer resulted up to 100% in the CO2
permeability. Nonetheless, the selectivity increased
up to 18% as displayed in Table 1. While at higher
nanosilica loading (8 wt-%)., the gas permeability
increased drastically up to 200%. Although the
permeability increased, the selectivity very slightly
increased (0.9 %). Since the nanosilica particles were
non-porous molecular sieve, this improvement of
separation performance might be contributed by the
nanosilica-gas interaction. The improvement in gas
permeability could be influenced by the interference
of polymer chain structure in the presence of
nanosilica particles. This result confirmed the previous
study by Moabdeb and Koros [14]. They stated that
the enhancement in O2/N2 selectivity and Oxygen
permeability  through polymer/siica composite
membrane  compared  with neat  polymer
membrane. The CO2 permeability in the PES-
nanosilica hybrid mixed matrix membrane in higher
concenfration of nanosilica (8 wt-%) is approximately
200% higher compared with neat PES membrane.
The increase in permeability of higher concentration
of nanosilica presence in PES maftrix was expected
that some gas passed the membrane through
nanogaps in the interface of polymer and nanosilica.
Incorporation of nanosilica with concentration of 8
wit-% shows small agglomeration in the membrane
surface. It can be said that the higher concentration
of 8 wt-% will form nanoparticles agglomertaion. The
concequences of the agglomeration is the the
formation of nanogaps (voids) between
nanoparticles and PES mafrix and the membranes
become less selective. The mechanism of gas
fransport which dirives is Knudsen diffusion rather than
solution-diffusion. The selectivity of Knudsen diffusion
mechanism depends on gas's molecular weight. The
recomendation of nanosilica incorporation in PES
membrane is not more than 8 wt-%.

Table 1 Gas permeability of pure gasses in the PES-
nanosilica hybrid MMMs

Membrane Pure gas permeability Selecti
(GPU)* vity
COz CHa COz/C
Ha
PES without silica 25.42+ 1.12+ 22.69
0.25 0.02
PES-nano  silica 56.75+ 2.15+ 26.40
(1,5wt %) 0.18 0.13
PES-nano  silica 78.23+ 3.43+ 22.81
(8wt %) 0.01 0.37

*GPU =1 x10-6 cm3 (STP)/cm?2s cmHg

3.2 Effect of Silicon Coated membrane on Gas
Transport Properties

In the PES-nanosilica hybrid mixed matrix membrane,
the nanogaps (unselective voids) were not
completely removed as discussed in Section 3.1.
Hence, the conftribution of membrane coating using
silicone rubber on the gas transport performance of
fabricated PES-1.5 wt% nanosilica hybrid mixed matrix
membrane was investigated. Gas  fransport
properties of coated membrane was also affected
by thermal curing ftime. The curing time was
performed by drying the coated membrane under
vacuum oven at 120°C for 72 h [15]. The comparison
of permselectivity for each pure gas between
siicone rubber coated membrane and uncoated
PES-nanosilica hybrid mixed matrix membrane. Based
on the experimental result can be observed that the
PES-1.5 wt% nanosilica hybrid mixed matrix
membrane with silicone rubber coating performed
low gas permeability but high selectivity for
separation properties of CO2/CH4 compared fo the
uncoated membrane.

Table 2 shows the highest membrane selectivity
observed from PES-1.5 wi% nanosilica hybrid mixed
maftrix membrane was 39.13 for CO2/CH4 separation
factor. From this phenomenon, it can be stated that
coating using silicone rubber successfully push the
Knudsen diffusion of gas fransport mechanism. This is
might be due to the repression of the void defects at
the outermost active skin layer have been coated by
silicone rubber. The membrane surface was modified
by eliminating the voids on the membrane surface,
therefore resulting in higher selectivity and lower
permeability. Thus, the combination of molecular
sieving and solution diffusion are dominating the gas
fransport mechanism in this coated membrane. It
indicates that nanogaps (voids) formed by the low
adhesion between nanosiica surface and PES
polymer could be removed by combination of
nanosizing of inorganic filler and silicone coating.
Due to the well attachment with polymer and
without unselective nanogaps (voids), the nanosilica
particles would be more promising as nano-filler wich
contributes in gas fransport mechanism [16,17].
Hence, the permeability of CO2 for coated PES-
nanosilica hybrid mixed matrix membrane was about
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79 % higher than the uncoated neat PES membrane.
However, as shown in Table 2, the CH4 permeability
decreased for coated PES-nanosilica.

The silicone rubber coating remove the nanogaps
between nanosilica and PES. The gas passes the
membrane through solufion-diffusion mechanism
rather than Knudsen-diffusion mechanism. The
permeability of COz is higher than CHeg, it indicates
that CO2 has higher solubility in silicone rubber than
CHas. Based on this experimental result, the silicone
rubber coating not only acts as the voids blocking
agent but also plays an important role as the
selective layer of the membrane.

Table 2 Gas permeabilities of CO2 and CHs in the PES-
nanosilica hybrid MMMs

PES- Pure gas permeability Selectivity
nanosilica (GPU*)
CO2 CH4 CO2/CH4
uncoated 56.75+ 2.15+ 26.40
0.18 0.13
coated 65.35+ 1.67+ 39.13
1.08 0.14

*GPU =1 x10-6 cm3 (STP)/cm?s cmHg

4.0 CONCLUSION

In this study, Hybrid mixed matrix membrane of
polyethersulfone (PES) with new inorganic filler such
as nanosilica was successfully fabricated. An effort to
enhance the gas separation properties of the
membranes also has been performed by silicone
rubber coatfing. Based on the experimental results
and discussion, it can be concluded as follow.

(i) Fabrication of well uniformly dispersed
nanosilica in PES membranes were succesfully
performed. From the SEM images investigation,
the defects of surface were not observed on
the  nanosilicas  hybrid mixed  matrix
membrane. The fine non-porous surface of
nanosilica could help the improvement of
attachment between nanosilica particle and
polymer matrix.

(i) The well coverage of nanosiica on the
membrane surface provided a good influence
to the PES polymer. The permeability of pure
gas (CO2 and CHg) increased about 100% and
slightly increase the selectivity about 18% as
compared to neat PES membrane. It makes
nanosilica as an favorable inorganic filler for
hybrid mixed matrix membrane fabrication.

Acknowledgement

The authors wish to thank the Diponegoro University
for supporting Funding by Research for Publication
International Grant and Waste Treatment Laboratory
and Membrane Research Centfer Diponegoro
University for supporting facilifies.

References

[

(2]

(3]

(4]

(4]

6]

(7

(8]

191

[1a]

[l

2]

(3]

[14]

[15]

[1é]

Leonzio, G. 2016. Upgrading of Biogas to Bio-methane
Wwith  Chemical Absorption Process: Simulation and
Environmental Impact. Journal of Cleaner Production. 131:
364-375.

Zhang, Y., Sunarso, J., Liu, S., and Wang, R. 2013. Current
Status and Development of Membranes for CO2/CH4
Separation: A Review. International  Journal  of
Greenhouse Gas Confrol. 12: 84-107.

Wang, D., Li, K., and Teo, W. 2000. Highly Permeable
Polyethersulfone Hollow Fiber Gas Separation Membranes
Prepared Using Water as Non-solvent Additive. Journal of
Membrane Science. 176: 147-158.

Kusworo, T. D. Ismail, A. F. Mustafa, A. and Budiyono, 2013,
Studies of Thermal Annealing on Suppression of
Plasticization of the Asymmetric Hollow Fiber Mixed Matrix
Membranes. World Applied Sciences Journal. 28(1): 09-19.
Scholz, M., Alders, M., Lohaus, T., and Wessling, M. 2015.
Structural  Optimization of Membrane-Based Biogas
Upgrading Processes. Journal of Membrane Science. 474:
1-10.

Kusworo, T. D., A. F. Ismail, A. Mustafa and T. Matsuura,
2008. Dependence of Membrane Morphology and
Performance on Preparation Conditions: The Shear Rate
Effect In Membrane Casting. Separation and Purification
Technology. 61: 249-257.

Ismail, A. F., T. D. Kusworo and A. Mustafa. 2008. Enhanced
Gas Permeation Performance of Polyethersulfone Mixed
Matrix Hollow Fiber Membranes Using Novel Dynasylan
Ameo Silane Agent. Journal of Membrane Science. 319:
306-312.

Waqgas, A. M. F. de Clippel, J. Didden, A. L. Khan, S.
Couck, G. V. Baron, J. F. M. Denayer, B. F. Sels, I. F. J.
Vankelecom. 2015. Polyimide Mixed Matrix Membranes for
CO2 Separations using Carbon-silica Nanocomposite
Fillers. Journal of Membrane Science. 495: 121-129.

Nazim, W., A. Mushtag, S. Tabassum, M. A. Gilani, A. llyas,
F. Ashraf, Y. Jamal, M.R. Bilad, A. U. Khan and A. L. Khan.
2016. Mixed Matrix Membranes Based on Polysulfone and
Rice Husk Extracted Silica for CO2 separation. Separation
and Purification Technology. 170: 122-129.

Lin, Y. Zhou, B. Shiral Fernando, K. A. Liu, P. Allard, L. F. Sun,
Y.-P. 2003. Polymeric Carbon Nanocomposites from
Carbon Nanotubes Functionalized with Matrix Polymer,
Macromolecules. 36: 7199-7204.

Zou, H., Wu, S., and Shen, J. 2008. Polymer/Silica
Nanocomposites: Preparation, Characterization,
Properties, and Applications. Chemical Reviews. 108(9):
3893-3957.

Zormnoza, B., Téllez, C., Coronas, J. 2011. Mixed Matrix
Membranes Comprising Glassy Polymers and Dispersed
Mesoporous Silica Spheres for Gas Separation. Journal of
Membrane Science. 368: 100-109.

Naghsh, M., Sadeghi, M. Moheb, A. Chenar, M. P.
Mohagheghian, M. 2012. Separation of Ethylene/ethana
and Propylena/propane by Cellulose Acetate-silica
Nanocomposite  Membrane. Journal of Membrane
Science. 423-424: 97-106.

Moaddeb, M. and Koros, W. J. 1997 Occlusion of Pores of
Polymeric Membranes with Colloidal Silica. Journal of
Membrane Science. 136: 273-277.

Kusworo, T. D., Aryanti, N., Anggita, R. A., Setyorini, T. A. D.,
and Utomo, D. P. 2017. Surface Modification and
Performance Enhancement of Polyethersulfone (PES)
Membrane Using Combination of Ultra Violet Irradiation
and Thermal Annealing for Produced Water Treatment.
Journal of Environmental Science and Technology. 10(1):
35-43.

Kusworo, T. D., Ismail, A. F., and Mustafa, A. 2015.
Experimental Design and Response Surface Modeling of
PI/PES-Zeolite 4A Mixed Matrix Membrane for CO2



6 Tutuk, Budiyono & Qudratun / Jurnal Teknologi (Sciences & Engineering) 79:7-2 (2017) 1-6

Separation. Journal of Engineering Science and for gas separation. Journal of Membrane Science. 314:
Technology. 10(9): 1116-1130. 123-133.

[17] Ahn, J., Chung, W. J., Pinnau, I., and Guiver, M. D. 2008.
Polysulfone/silica Nanoparticle Mixed-matrix Membranes



