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ABSTRACT: Biogas is an alternative energy from biomass. The gas can be produced from
anaerobic digestion by microorganism. Biomasses such as animal manure, kitchen waste,
garden waste, or even human excreta are among the major sources of biogas. Usually,
biogas contains 60% methane along with 40% of carbon dioxide. Besides its important
role in natural gas, methane also contributes to greenhouse gases. Their presence in
atmosphere will thicken earth blanket and further lead to climate change. One pound of
methane traps 25 times more heat in the atmosphere compared to one pound of carbon
dioxide. This research introduced a new material, Pebax 1657 to improve the current
polymeric based membranes in the form of thin film composite (TFC). Polyvinylidene
fluoride (PVDF) was used as a porous support layer for this TFC and this combination
surpassed the Robeson 2008 trade off limit with CO, pressure normalise flux and selectivity
of 1075 Barrer and 52.50 respectively. Besides transforming the waste into wealth, the
emission of this greenhouse gases can be reduced so that a green environment and clean
air can be continually enjoyed by future generations.
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1. INTRODUCTION

Energy sources are divided into two sub categories, namely primary and secondary
energy sources. The sources of energy are classified based on the derivation of
usable energy. In general, the primary energy sources can be used directly as they
are found in natural environment. Coal, oil, natural gas, water, wind and oil are
among the primary sources.' Secondary sources are derived from the transformation
of primary energy sources, such as petrol, which is derived from treatment of
crude oil and electric energy, and obtained from the conversion of mechanical
energy such as hydroelectric plants. Biogas is a renewable energy derived from the
primary sources, biomass. Several processes to transform biomass into secondary
energy sources include combustion, thermochemical transformation, physical-
chemical transformation and biochemical transformation.? Anaerobic fermentation
of biomass into biogas which is rich in methane, CH, are widely used in European
countries where every farmer has their own anaerobic digester to yield CH, from
their farm waste such as animal manure and agriculture waste. Usually, biogas
contains 60% of CH, and 40% of carbon dioxide, CO, with several amounts of
impurities. The specific properties of biogas are tabulated in Table 1.

Table 1: General features of biogas.

55%—70% CH,

Composition 30%—45% CO,
Traces of other gases
Energy content 6.0-6.5 kWh m~
Fuel equivalent 0.60-0.65 1 oil m~ biogas
Explosion limits 6%—12% biogas in air
Ignition temperature 650-750°C
Critical pressure 75-89 bar
Critical temperature -82.5°C
Normal density 1.2kgm?
Smell Bad eggs
Molar mass 16.043 kg kmol™!

Where energy sources are concerned, the dependency of methane from natural gas
can be reduced by purification of bio-methane from biogas. High amount of CH,
from the biogas composition can be both profitable and environmentally beneficial.
The purification of this so-called "waste to wealth" gas can reduce the emission
of CO, and CH, gases to atmosphere, as landfill is among the sources of biogas or
often called landfill gas (LFG). One pound of CH, can hold 25 times more heat in
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atmosphere compared to CO, and they create a perfect heat blanket to our mother
earth, thus causing climate change. Among 296 landfill sites in Malaysia, only 165
sites are properly managed as indicated in Table 2. The cost of waste management
including collection and transportation to dispose in a landfill site varies between
RM90 and RM150 per ton and Malaysia generates approximately around 17,000
to 18,000 tons of waste daily, which is about RM2 million in costs per day.

Table 2: Numbers of landfill site in Malaysia for each state.

State Operational landfill Non-operation landfill site Total
Johor 14 23 37
Kedah 8 7 15
Kelantan 13 6 19
Melaka 2 5 7
Negeri Sembilan 7 11 18
Pahang 16 16 32
Perak 17 12 29
Perlis 1 1 2
Pulau Pinang 2 1 3
Sabah 19 2 21
Sarawak 49 14 63
Selangor 8 14 22
Terengganu 8 12 20
W. P. Kuala Lumpur 0 7 7
W. P. Labuan 1 0 1
Total 165 131 296

Proper management of landfill by securing the LFG and further purification
could be a turning point as the price of purified methane is competitively high
compared to natural gas. Delkash et al. stated that landfill methane emission is not
consistent because of dependency on several factors such as waste disposal rates,
type of sources, meteorological and atmospheric condition.? In addition, microbial
activities are strongly influenced by soil temperature and moisture for digestion
process and gas transport in soil.> The answer to this problems is through organic-
inorganic waste sorting and treating the organic waste in a build digester system,
so that all parameters can be manipulated to yield the highest amount of methane.
Ordinary digester can yield approximately 20 m* of biogas and some can yield
up to 800 m? per ton of waste. This depends on the anaerobic digester design and
waste quality.*
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Purification of methane from LFG or biogas will benefit the environment, and can
optimally cover the waste management cost. Several techniques can be used for
bio-methane purification such as cryogenic distillation, pressure swing adsorption
(PSA), and membrane separation. In this research, polymeric membrane separation
has been chosen as a feasible method based on several criteria: small footprint, low
capital and operating costs, environmentally friendly, and exhibiting good process
flexibility.> The flexibility of polymeric membranes comes with a price since their
highly permeable structure suffers loss in gas selectivity.

The objective of this work is to prepare and study the effectiveness of PVDF/Pebax
1657 TFC over PVDF film for biomethane purification by testing the produced
membrane via single gas (CO, and CH,) permeation method to find the ideal
selectivity. Pebax 1657 is introduced in this research as a selective layer due to its
excellent CO, adsorbent.®” The unique structure of the elastomer combines both
mechanical stability of the polyamide and the soft segment of polyether which act
as a separation channel. This combination is believed to be able to improve the
permeability-selectivity of PVDF membranes.

2. EXPERIMENTAL
2.1 Materials

Pallet of analytical grade PVDF with 177°C melting temperature was purchased
from Sigma Aldrich. Pebax 1657 with 60% polyether and 40% polyamide
contents, which is suitable for coating layer, was purchased from Arkema France.
Two solvents are used in this study, which are ethanol and N-methyl-2-pyrrolidone
(NMP), supplied by Fisher Scientific. Purified CO, and CH, gases were used for
gas permeation and separation performance. PVDF and Pebax 1657 were dried at
60°C for at least 24 h before the dope preparation.

2.2 Membranes Fabrication
2.2.1 PVDF substrate

The dope solution was prepared by diluting 15 wt% PVDF pellet in NMP and
stirred uniformly at 80°C for about 7 h until all the pallets dissolved. The choice of
diluting temperature must be below the NMP boiling point to avoid the vaporisation
of the solvent. The PVDF dope solution was then degassed by leaving it at room
temperature for 24 h to achieve a bubble-free solution. The solution was cast on
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a glass plate at room temperature with a casting machine having thickness of
0.03 mm before submerged in a water bath for 2 h and subsequently dried at room
temperature for 24 h.®

2.2.2  Thin film composite membrane

3 wt% of Pebax 1657 was dissolved in a combination of 70/30 ethanol/water at
80°C for 3 huntil a homogenous clear and diluted solution was obtained. This Pebax
1657 coating solution was left at room temperature for 24 h before it was coated on
the PVDF substrate by using dip-coating technique. Pebax 1657 was coated on the
PVDF substrate for 1, 2, 3 and 4 times where every coating of the TFC was dried
at 60°C for 15 min to let the solvent vaporise. For extra vaporisation of the solvent,
the TFC was further dried at 60°C for 12 h. To further study the effectiveness of the
Pebax 1657, the coating solution was manipulated from 1% to 5% which later dip
coated with PVDF film according to the best layer found earlier.

2.3 Permeability Test

The permeability test was conducted according to Ahmad et al. where each gas
of CO, and CH, was tested individually by allowing them to flow at 2 bar toward
the membrane cell and the flowrate of permeate was measured by the bubble flow
meter as shown in Figure 1.° Equation 1 was used to calculated the gas permeance
and it was expressed in Barrer [1 Barrer = 1 x 1071 cm?® (STP) cm/(cm?scmHg)].
By taking the conversion factor in account, Equation 2 can be directly used to find
the gas permeance in Barrer.

P= (cm? em(stp))/ (cm? scmHg) (1)
Atap
<107V
P (Barrery=—""""" (2)
Atap

where P is the permeability, / the thickness of the membrane in cm, 4 the effective
membrane area in cm?, V' the volume in cm? displaced in time t(s), and p the
transmembrane pressure expressed in cm cmHg. The membrane selectivity is the
membrane ability to separate two gases (A and B). It is the ratio of permeability
A and B (Equation 3).

s = €)




Biomethane Purification Using TFC Membrane 44

Membrane Cell

Pressure Regulator

Bubble Flow Meter

Gas Cylinder

Figure 1: Gas permeability experimental set up.
2.4 Membrane Characterisation

To detect the presence of chemical added to the TFC, Fourier transform infrared
spectroscopy (FTIR) was used. The TFC was allowed to absorb different kinds
of wavelength produced from a beam in which the output data comes out in the
form of wavenumbers, cm™'. To study the morphological structure of the TFC, the
sample was first frozen and fractured in liquid nitrogen to get the smooth cutting
without any part of the membrane blocking the cutting surface for scanning electron
microscope (SEM) analysis. The sample was then flushed with nickel coating to
avoid any charge building up from the electron beam, which is often called the
space charge effect during surface imaging.'?

3.  RESULTS AND DISCUSSION
3.1 Membranes Morphology

The cross sectional SEM image of PVDF film can be seen in Figure 2 and PVDF/
Pebax 1657 TFC in Figure 3. The film exhibits an asymmetric structure with
combination of spongy porous layer and microvoid formation. The formation
of top finger-like voids is believed due to instantaneous phase inversion during
solvent-non solvent liquid-liquid demixing in water bath. The rapid movement
of NMP coming out from the film left a large void and was followed by spongy
porous at the bottom. This kind of structure will boost gas permeability for gas
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EHT = 8.00 kV Signal A = SE1 Date :24 Nov 2015
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Figure 2: SEM image of PVDF film.
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Figure 3: SEM image of PVDF/Pebax 1657 TFC, (a) 1-layer Pebax 1657, (b) 2-layer
Pebax 1657, (c) 3-layer Pebax 1657, and (d) 4-layer Pebax 1657.
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transportation through the film; however, it results in loss in selectivity. The TFC
was successfully made by varying the number of coating times to form different
thickness of Pebax 1657 selective layer (see Figure 4).

From the SEM analysis, the thickness of sample a, b, ¢ and d was found to be 4 um,
15.3 pm, 33.3 pum, and 46.7 pum respectively. The TFC also has smaller voids
compared to the PVDF film possibly due to polymer compaction effect during
coating procedure as the top layer gave a slight pressure throughout the process. The
pore diameters also show a noticeable change with the PVDF film pores ranging
from 0.9 pm to 2.2 um while the TFC exhibits a very narrow pores structure which
is below than 1 pm. This observation is attributed to the crystallisation of PVDF
during the oven drying of TFC as researchers agree that solvent evaporation and
temperature are among the factors that cause modification of polymeric chains.!

3.2 Chemical Characterisation

All samples exhibit the same functional group through presence of a chain of
several bonds which lead to PVDF whereas samples B, C and D show another
extra peak of Pebax coating layer on top of PVDF. Figure 4 shows the chemical
structure of both PVDF and Pebax 1657 which was later used as a reference to the
bonding structure represented by the wavenumbers in Figure 5. CH, deformation
of PVDF molecules for all samples was detected as a strong bending vibration in
range of 1350-1470 cm™', while the fluoride which formed the alkyl halide, C-F
of the compound was spotted around 1000-1400 cm™" with a strong stretching
vibration.!""'3 Pebax 1657 was detected through several molecule bonding
starting with ether stretching (C-O) and nylon-6 with the stretching of N-H at
1000-1300 cm™ and 3300 cm! respectively.!* The amide segment of the elastomer
was transmitted with the stretching of C=0 at 1640 cm™.">!® Other peaks in the
spectrum of the composite membrane at 2869-2939 cm™' can be attributed to the
asymmetric and symmetric stretching of the C-H bond.!”

3.3 Effect of Pebax 1657 Coating Thickness on TFC

As the objective of the study is to find the best thickness for PVDF/Pebax 1657
TFC for bio-methane purification, the effectiveness of the selective layer has been
tested using single gas permeation. The results from the experiment are tabulated
in Table 3. The CO, permeability and CO,/CH, selectivity has been plotted as a
function of Pebax thickness in Figure 6. As a reference, uncoated PVDF film was
tested first so that the difference in CO, permeability and gas selectivity can be
targeted as the effect of the coating layer made. The original uncoated PVDF film
has an almost equal CO,-CH, permeability values which are 22634 and 20370
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Figure 4: Chemical structure of (a) PVDF and (b) Pebax 1657.
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Figure 5: FTIR spectra of A (PVDF), B, C and D representing TFC with Pebax 1657 1,
2 and 3 layers respectively.

respectively with CO,/CH, selectivity of 1.11. The low gas selectivity may be due
to the large void that later created a large free volume in polymeric chain, therefore
influencing the rate of gas transportation through the membranes. Increase in the
number of selective layer thickness from 1 layer to 2 slightly improved the gas
selectivity from 1.17 to 1.90 but the TFC lost its capacity to selectively transport
the two gases. The optimum layer of the TFC was found to be 3 with 33.3 um
Pebax 1657 thickness and no gas flow was detected when it comes to the last
sample with 4 layers of Pebax 1657.

The trend of gas permeability for both gases is the same. With the increase in
the coating layer, the gas permeability decreases as a result of slow rate of gas
diffusing through the membranes. This gas transportation behaviour is believed
due to the decrease in membrane free volume within the polymeric chain as the
crystallinity of the soft segment of polyamide might increase with the thickness.
The crystalline segment of polymer is also impermeable towards penetrants.'s
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Several studies found out that free volume in polymeric matrix can be caused
by few factors: (1) degree of molecular in plane orientation; (2) microvoids;
(3) pressure; and (4) decrease in chain order."

Table 3:  Permeability (Barrer) and selectivity of the PVDF film and TFC with different
thickness of Pebax 1657.

Pebax thickness PCO, PCH,

Samples (um) (Barrer) (Barrer) 0CO,/CH,
PVDF - 22634 20370 1.11
1 layer Pebax TFC 4 15391 13117 1.17
2 layer Pebax TFC 15.3 7690 4058 1.90
3 layer Pebax TFC 333 1806 62 29.16
4 layer Pebax TFC 46.7 No flow No flow -
25000 - . - 35.00
¢ CO, Permeability
A CO,/CH, Selectivity A - 30.00
g 20000 - 5
A - 25.00 E
. | . S
2 15000 - 20.00 5
£ 10000 - r 1500 &
O ~
~ . L o
S 10.00 3
S 5000 -
- 5.00
A *
0or+—=2 . . . . A— 0.00
0 10 20 30 40 50

Pebax 1657 thickness, pm

Figure 6: Single gas permeability and gas selectivity as a function of number of Pebax
1657 thickness on PVDF/Pebax TFC.

3.4 Effect of Pebax 1657 Concentration

The optimum TFC was found with the Pebax 1657 on 3 layers, at thickness of 33.3
pum. To further study the role of Pebax 1657 on PVDF/Pebax 1657 TFC membranes,
the coating solution was manipulated from 1% to 5% which was later dip-coated
with PVDF film three times. The results from the experiment are tabulated in
Table 4. The CO, permeability increased with the increase in Pebax 1657
concentration which was mainly caused by the reduction of pore blockage. Due to
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presence of large voids and free volume in PVDF substrate, the lower Pebax 1657
concentration made the solution very dilute and penetrated deep into membranes
matrix. The viscosity of Pebax solution plays a big role in avoiding defect in the
PVDEF/Pebax 1657 TFC. The performance of this TFC is illustrated in Figure 7
where it falls beyond the Robeson upper bound. From the curve, the effectiveness
of the dense Pebax 1657 layer increases with increasing Pebax concentration.!’

Table 4: CO, permeability and CO,/CH, selectivity based on different concentration of
Pebax 1657 coating solution.

Pebax concentration, % PCO, aCO,/CH,
1 429 1.94
2 2686 23.13
3 1806 29.16
4 1433 33.33
5 1075 52.50

----- Robeson Upper

1000 Bound
A 1% Pebax 1657
"? ~ W 2% Pebax 1657
> Seeeel
g 100 TSl 3% Pebax 1657
T) ~~~~~~~ ’
A S~ X X 4% Pebax 1657
< ‘~~~_~
E:) SS~eaa__ ® 5% Pebax 1657
< 10 Seeao
N Seeo
(@) S~
@)
A
1
1 10 100 1000 10000 100000

CO, Permeability, Barrer

Figure 7: Robeson upper bound 2008 of CO,/CH, selectivity against CO, permeability.

4. CONCLUSION

Thin film composites, TFC membranes of PVDF and Pebax 1657, have been
successfully developed using dry/wet phase inversion techniques for the PVDF
substrate, and dip coating technique for the TFC. The SEM characterisations
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reveal that different selective layer thicknesses of Pebax 1657 were formed based
on different number of coatings made on the PVDF film. By having the selective
layer, the CO, permeability and gas selectivity of the original uncoated PVDF film
have also been improved. The FTIR analysis confirmed that only PVDF and Pebax
structures were present on the TFC. The optimum number of layer was found to
be 3 with thickness of 33.3 um which gave CO, permeability and gas selectivity
of 1806 and 29.16 respectively. With the increase in Pebax 1657 concentration,
the fabricated TFC surpassed the Robeson upper boundary to overcome the
polymeric membranes trade-off limits with CO, permeability of 1075 and
CO,/CHj, selectivity of 52.50. To have a good TFC, the selective layer must not be
too thin and the coating solution must also not be too diluted as they would cause
defects in the TFC.
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