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ABSTRACT

In this study we focused on the effect of one- and two-stage membrane system
configurations in series arrangement for the CO,/CH, separation. Asymmetric polysulfone
hollow fiber membranes were fabricated from 33%wt of polysulfone polymer using a
simple dry/wet phase inversion process. Interestingly, the pressure-normalized flux of
CO, was decreased with increasing of the membrane stages. In addition, the selectivities
of the asymmetric hollow fiber membrane showed 2 more constant trend with increasing
of fecd pressurc. Between the two configurations, two-stage membrane coafiguration
showed the most constant trend of selectivity values. This results confirmed that the two-
stage membrane configuration posses a significant influence on gas transport properties
which lead to better selectivity values. The effect of stage cut on membrane system
configurations was aiso investigated. This study suggests that the best CO»/CHy separation
was achieved by using two-stage membrane system configuration.

Keywords: Hollow Fiber, Gas Separation System. Membrane Configuration, Membrane
Performance, Polysulfone

I INTROBUCTION

The application of membranes for gas separation has grown rapidly smce the instailation
of the first industrial plants in the carly 1980s by Monsanto Company. Membranes have
gained an important place in chemical technology and are used in a broad range of
applications. The key property that is exploited is the ability of a membrane to control the
permeation rate of a chemical species through the membrane. Removal of carbon dioxide
is the only natural gas separation currently practiced on a large scale (more than 200 plants
have been installed). Most were installed by Grace {now Kavanaugh-GMS), Separex
(UOP) and Cynara. All of these plants used celtulose acetate membranes in hollow fiber
or spiral wound module form. More recently, hollow fiber polyaramide (Medal) and
polyimide (Ube) membrancs have been introduced due 10 their higher selectivity (Baker,
2000).

Carbon dioxide removal [rom patural gas has been practiced using cellulose acetate
membranes for more than 10 years and the introduction of more selective polyimide
membranes has begun and in time is likely to make membrane processes much more
competitive with amine absorption. In the area of CO,/CH, separation membranes,
natural gas sweetening, the removal of carbon dioxide in landfill gas recovery processes
and carbon dioxide removal from fractured wells as well as the removal of carbon dioxide
in cnhanced oil recovery applications (EOR) are of inlerest (Staudt-Bicke! and Koros,
1999). The carbon dioxide produced can be injected into adjacent oil fields Lo enhance oil
recovery (Lonsdale, 1982). In order to achieve excellent performance in membrane
processes, the process reliability need to be enhanced to make the carboa dioxide removal
technology the ultimate choice in a varicty of processing condiuons. It 1s crucial to
transport the field gas through the conventional pipeline without catastrophic corrosion
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problems. Hence, an efficient method to reduce the composition of carbon dioxide gas is
critically in need and membrane gas separation processes was found to be the best
selution.

Even though the separation of CO,/CH, using polymeric membranes is growing
rapidly, the plasticization of the membrane material is always a problemn. This is due to
the permeability of the slower gas is facilitated by the highly soluble, faster gas. This
phenomenon s atiributed to plasticization effects, caused by the high carbon dioxide
solubility or interactions between carbon dioxide and the polymer material. As the
membrane 1s plasticized the permeability increases significantly but the selectivity for
gaseous mixtures decreases (Barsema et al.,, 2003). A good asymunetric membrane for
natural gas separation can be achieved if it possesses the following matertal and
performance characteristics: (1) inherently high permselectivity for carbon dioxide and
methane gas pair and (2) immunity to plasticization induced by carbon dioxide. The CO»-
induced plasticization usually causes a severe deterioration of membrane separation
performance in the natural gas applications loss (Cao et al., 2003).

Only few researchers studied the effects of membrane configurations process and its
effect on gas separation performance. Bhide and Stern (Bhide and Stern, 1991, 1993a,
1993Db), Ettouney and Majeed (Ettouney and Majeed, 1997), Qi and Henson {Qi and
Henson, 2000), Lim (Lim, 2002) and Yaacob and Ismail (Yaacob and Ismail, 2004)
studied single, two, three, four and multi-stage membrane in both series and tascade
configurations especially for the separation of CO,/CH, and 0N, gas mixture. The
glassy polymer membrane materials used were silicone rubber, poly (phenylenc oxide),
celiulose acetate or polysulfone. Table | summarized the type of membrane module and
membrane configuration used by previous researchers,

FIGURE 1: Membrane module and membrane configuration studied by previous

researchers o
Rescarcher(s) Membrane Module Membranc_ Test Gas
Configuration :
Bhide and Siemn {1991) Single and two-stage ; Cascade and series | O»/N,
Bhide and Stern {1993) Single, two and three-stage Cascade and series | CO/Cl11,
Ettouney and Majeed (1997) | Single, two and three-stage | Series O,
01 and Henson (2000) Twa, three and four-stage Cascade and series | CO./CH,
. ' : 5 .o,
Lim (2002} Multi-stage Cascade and series S O3,
Yaacob and lsmail {2004) Three-stage Cascadc and series | CO,/CH,

This paper aims to investigate the effect of series module configuration of a single and
two -stage separation system on the performance of CO,/CHy gas separalion in order to
reduce the extent of plasticization phenomena in glassy polymer membrancs. The
itlustration of the membrane configuration is shown in Figure {. Therefore, a thorough
understanding of plasticization phenomenoen is crucial o develep and achieve a high
performance membrane in order o make membrane separation application attractive.

i
—_—— R .,_.’J I = i
| [
F [
e s
o, P e e P
(a) ths
FIGURE 1. Membrane contiguration vi'i 2 »intgic »1age

and (b) two-stage series membrane modute
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2 EXPERIMENTAL

2.1 PREPARATION OF ASYMMETRIC POLYSULFONE HOLLOW FIBER
MEMBRANES ' '

The asymmetric hollow fiber membranes were fabricated using a dry/wet spinning process
with forced convection in the dry gap. Dope solution containing of polysulfone (Udel-
1700}, N, N-dimethylacetamide, tetrabydofuran was used. The dope reservoir was at
ambient temperature during spinning. On extrusion from the spinneret (spinneret
dimensions: OD 0.6 mm / ID 0.3 mm), the fiber passed through a cylindrical forced
convection chamber (length 9 cm, diameter 5 cm), which was flushed with 4 [ min-1 of
nirrogen gas. The nitrogen was introduced through a % in. tube, which abutted upon the
chamber normal to the surface at mid height. A 2 mm clearance existed between the top of
the forced convection chamber and the bottom plate of the spinneret and also between the
bottom of the chamber and the water level in the first coagulation bath.

Pure water at 14°C+0.5°C was used in the external coagulation bath. The bore
coagulant was 20% (w/w) solution of potassiurn acetate in water at ambient temperature,
This cquates to the water activity of 0.9. The hollow fibers were spun at dope extrusion
rate (DER) of 2.5. The stretch ratio (wind up speed/extrusion speed) was fixed at |
throughout. The ratio of DER to bore fluid injection rate was also kept constant at a value
of 3. After spinning, the membranes were steeped in water and then dried using methanol
solvent exchange technique (Ismail et al., 1999}

2.2 PURE GAS CARBON DIOXIDE AND METHANE-PERMEATION BEHAVIOR
OF UNTREATED MEMBRANES IN SINGLE, TWO AND THREE-STAGE

Pure gas carbon dioxide, CO, and methane, CH, gas permeation experiments were
performed to determine the possibility of using asymmetric polysuifone hollow fiber
membranc for CO, and CH, scparation. The hollow fiber prepared had a skin layer
thickness of about 2.09 x 107 cm. This value was calculated based on theory proposed by
(Ismail and Lai, 2004). In order to minimize gas consumption, all tosts were performed on
a taboratory scale hollow fiber module made of ten fibers with 30 cm long. During testing,
the high pressure feed gas was directed to flow through the shell side of the module at
controlied pressurc and the permeate was withdrawn from the open fiber bore. The
permeate volumetric flow rate was measured by means of a bubble flow meter
{Kapantaidakis ef al., 1996, Yamasaki et af., 1997, Wang et al., 2002a) reading to 1.0 cm’.
The gas bubble flow meter is used because of the small membrane arca which results in
much lower permeate flow rates with values close to the meter accuracy {Eutlouney and
Majeed, 1997). A ball valve was installed art the end of the retentate stream to control the
retentate flow as a function of {eed pressure.

For two-stage scries configuration, the retentate stream from the first membrane
module was used as the feed stream for the second membrane module. Permeate flow was
measured in the same manner as mentioned above.

3 RESULTS AND DISCUSSION

Pure gas permeation test was conducted in order 1o determine whether the membrane
prepared is suitable to be used in CO,/CH, separation. Permeation was conducted using
pure CHy and COy gases respectively, The hollow fiber medule was coated with silicone
before put o test. The gases were exposed to the hollow fiber membranes for at least 20
minutes (o equilibrate. Figure 2 showed the pressure-normalized flux of CO, and CH, of
asymmetric polysulfone hollow fiber membrane in single-stage as a function of the feed
pressures.
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FIGURE 2 Pressure- normahzed ﬂux of methane and carbon dwx;de of
untreated asymmetric polysulfone hollow fiber membrane in single-stage
as a function of the feed pressures.

From the figure, the pressure-normalized flux of CO; exhibited an immediate increase
with increasing feed pressure especially after feed pressure of about 2 bars. According to
Chung et al. (Chung et al., 2003), glassy membrane materials exposed to high-pressurc
€O, environments exhibit different pressure-normalized flux behavior due to
plasiicization induced by CO; sorption. As a result, membrane pressure-normatized flux
increascs and selectivity decreases. This means, at feed pressure of 2 bars the CO; gas
concentration is already sufficient or high cnough fo disrupt the chain packing in the
polymer material resulting in an increased scgmental or chain mobility which leads to the
increasing of gas diffusion (Bos et al., 1998, Bos et al., 1999). As the feed pressure is
further increased, CO; concentration Will build up. lncreasu; of CO, concentration are the
main factor that contributed to the plasticization phenomena or membrane swelling which
results in an increase in CO, pressure-normalized flux. However, the pressure-normalized
flux of CH, showed. an almost constant trend as the feed pressure increases.. This hehavior
is in agreement with the dual mode sorption transport model as studied and predicted by
previous researchers (Bos et al, 1998, Krol et al,, 2001 Kawakami et al., 2003). The
increasing trend of the pressure- normailnd flux of (“01 results in reduced se!uumty with
the increasing of the feed pressure as shown in Figure 3.
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FIGURE 3. CO»/CH. selectivity of untreated asymietric hellow fiber
membrane in single-stage as a function of feed pressures.

The decreasing of the CO;, pressure-nérmalized flux with increasing CO; pressure i
glassy polymer is consistent with the well-known dual mode sorption and trangport model
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predictions (Staudt-Bickel and Koros, 1999). However, in some cases the pressure-
normalized flux does not further decrease with increasing feed pressure but even continue
to increase. The pressure at which the increase in permeance occurs (i.e. the minuoum in
the pressure-normalized flux versus pressure plot) is called the plasticization pressure, At
such feed pressures the gas concentration in the polymer material disrupts the chain
packing. The polymer matrix sweils and the segmental mobility of the polymer chains
increases. This results in an increase in the gas diffusivity and therefore the permeability
increases (Krol et al., 2001), The selectivity increase is mainly due to the tightened chain
packing induced by shear rates while the selectivity decrease is mainly due to relatively
porous skin structures induced by low viscosity (Chung ef al., 2000a). Selectivity increase
can also be attributed to the enhanced polymer motecule orientation attributed at high
shear (Shilton et al., 1997). According to Ismail et al, (Ismail et al., 1997} enhanced
molecular orientation may enable membrane selectivities to be elevated beyond the
recognized, intrinsic value of the polymer.

It is clear that sorption of CO, causes severe plasticization effects 1n single-stage
hollow fiber membrane. In order to compare the plasticization effects in single-stage
hollow fiber membrane module, gas permeation of a two-stage hollow fiber membrane
module in series configuration was conducted. This is to determine whether membrane
configuration can be manipulated in order to control plasticization effects. Figure 4
exhibited the pressure-normalized flux trend in two-stage hollow fiber membrane module
in series configuration of asymmetric polysulfone hollow fiber membrane. This
configuration is suitable for the production of the less permeable species or retentate
component. According to Callahan (Callahan, 1999}, wo-stage membrane module was
able to produce about 98% pure CH, retentate product in the separation of CO, from
wellhead natural gas using polycarbonate membranc and produce about 99% purc
nitrogen, N refentate product in the production of N; enriched air using ceflulose acetate
membrane.
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FIGURE 4. Pressure-normabized flux of methane and carbon diexide of
untreated asymmetric polysulfone hollow fiber membrane In Iwo-stage
serics configuration as a function of the feed pressures.

The pressure-normalized flux of methane showed a constant trend as a function of feed
pressurc. This means that pressure-normalize flux of methane followed the dual mode
transporl theory. However, the main attraction here is the pressure-normalized flux of
C0>. Since the pressure-normalized flux of CO. increases in single-stage membrane
module, the same trend might also be exhibited in two-stage membrane module. However,
the pressure-normalized flux of CO, seems (o decrease slightly as a function of feed
pressure. This is probably due to less pronounced of CO;-induced plasticization effects
that took place. This might be because the more permeable CO, permeated through the
first membrane module so rapidly leaving behind the residuc gas to be further separated in
the sccond membrane module. The second membranc module expertence a much more
efficient separalion since the relentate stream contain less fast permeated gas. As a result,
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the second membrane module was less plasticized. The separation took place n two-stage
membrane module is more efficient than in single-stage membrane module. As a result,
the selectivity of two-stage membrane module revealed a much more constant trend
compared to the selectivity of the single-stape membrane module as shown in Figure 5.
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FIGURE 5. CO,/CH, selectivity of the untreated asymmetric hollow fiber
membrane in two-stage series configuration as a function of feed pressures.

The stage cul can be changed by varying the feed flow rate at constant feed pressure
and temperature, Stage cut is the ratic of permeate flow rate to feed flow rate (Coker et al,,
£999}. Figure 8(a-f) presents the impact of feed flow rate on stage cut of single, two and
three-stage membrane module.

The stage cut exhibited an increased trend with increasing CO, and CH, feed pressure
in all both membrane module configurations. More interestingly. the stage cut values
increases with increasing of membrane stages or membrane area. The stage cul in single
stage varies from 0.02 x 10 to 0.7 x 10" for CH, and from 0.5 x 10* to 15.2 x 107 for
CO;; and stage cut of two-stage ranges from 0.05 x 10710 1.7 x 10" for GH, and from 0.9
x 10 to 32.3 x 10™ for COy; Twao-stage membrane module exhibited higher stage cut
compared to single-stage due to larger permeation area. This is because at higher feed
pressure, the permeation driving force increases and causes the passage of larger amounts
of the more permeable gas to diffuse through the membrane. Basically, the purity of the
permeate stream, expressed in terms of CO; removal, decreases at higher stage cuts. S0, as
the stage cut is increased, the CO, permeate purity decreases (Littouney and Majeed,
1997).

However, the stage cut values decreases as the feed flow rate is further increased. This
is due to the released of high-pressure gas in the retentate stream that reduces the
permeation driving force.
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FIGURE 8. Effect of methane stage cut on feed pressure in (a) single-stage
and (b} two-stage series configuration and effect of carbon dioxide stage cut
on feed pressure in (c) single-slage and (d) two-stage sertes configuration

4 CONCLUSIONS
The present results are consistent with the studies of previous researchers in showing that
the more permeable CO; in glass polymers will cause the polymer to plasticize o an

extent depending on the concentratiqn of the dissolved gas. As the feed pressure is further
increased, CO, concentration will build up and is sufficient enough to disrupt the chain
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packing in the polymer material resulting in an increased segmental mobility which leads
to the increasing of gas diffusion,

Pressure-normalized flux of CO; in single-stage membrane module exhibited poor
result indicating that'plasticization phenomena had takes place at low feed pressure.
However, the pressure-normalized flux of CO, decreased slightly in two-stage membrane
maodule. The decreased in the pressure-normalized flux is well described in terms of a dual
ode transport model. This is probably due to more permeable CO, had permeated in the
first membrane module Jeaving behind small concentration of the more permeable CO, to
be refined in the next stages. As a result a better selectivity value is exhibited. Two-stage
membrane moedule posses the best selectivity value with a constant trend.

The performance of the hollow fiber membrane produced is measured through stage
cut measurements, The effect of stage cut on feed pressure showed an increasing trend
with increasing of CO, and CH, feed pressure in all three configurations. This is due to the
increased of the permeation driving force, which causes the passage of larger amounts of
more permeable gas through the membrane. Three-stage membrane moduie showed the
highest stage cut while single-stage membrane module had the lowest stage cut values.

Two-stage membrane module in series configuration exhibited a decreased trend of
CO; pressure-normalized flux and results in the most constant selectivity values which is
slightly betow the intrinsic selectivity of polysulfone compared to single and three-stage
membrane module. Therefore, two-stage membrane module is thc most suitable
configuration to be used for CO./CH, separation.
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