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Abstract: Problem statement: Membrane processes have received a significangly bttention on
natural gas separation processes since this tedptovides higher operating and cost advantages a
compared to other technologies. One of the majoblpms related to natural gas separation using
membrane is the existence of feed impurities inolyd€O,, heavy hydrocarbon and watépproach:
Hence, mathematical model that is able to studyeffext of impurities towards the performance @& th
membrane is substantially crucial. In this studymambrane transport model involves dual mode
sorption and partial immobilization of the wholepptation was employed to predict the behavior of
penetrant in the membrariResults. Results related with sorption, diffusion, permeatand selectivity

of Penetrants in the membrane were demonstratibe ipresent studfonclusion/Recommendations:

The sorbed concentration and permeability coefiicef a binary mixture were found to be lower as
compared to pure gases, which represented the titiompbetween Penetrants.
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INTRODUCTION process requires the regeneration stage to redbeer
adsorbent which involves larger space and increased
Natural gas continues to be one of the world’sweight. While, cryogenic system needs high energy
important primary energy sources where the dem#énd @onsumption for the refrigerant compressor (Alias,
the natural gas increases rapidly every year. ldagas 2004). One of the solutions is the application of
comes from the wells at different range of pressum@ membrane process to remove £ahd impurities from
composition (Ahmadiet al., 2007). Low quality of natural gas. Different from other available teclgas,
natural gas that exceeds pipeline specification fomembrane has the advantages of low weight and space
carbon dioxide, water, nitrogen and hydrogen sdlghi necessity, low energy consumption, ease of operatid
content faced with separation processes before it iinstallation and high process flexibility.
delivered to the end-user’s market. The presence of  Various studies have been conducted tostiyate
impurities might cause severe corrosion to thelpipe  the membrane system processes. The research
and equipments due to formation of acid when reactsegarding the permeation rates of the different
with water, decrease the heating value of natuaal, g components has been reported by (Kohl and Nielson,
dissipates the capacity of the pipeline and lead S01997). A study conducted by Graham (1866) shown the
atmospheric pollution by combustion of natural gasseparation of mechanism of a mixture of gases using
contains HS (Bhideet al., 1998). The problems above rubber. Kohl and Nielson (1997) has performed the
can be overcome by applying several availableexperiment on the low concentration of £Q0n
processes and technologies including adsorptiorseparating natural gas. They have studied theteftdc
absorption and cryogenic system. The foremospressure, feed gas flow rate, temperature of alesing
advantage of these separation processes is broadiyage membrane system. Leeal. (1995) performed
commercialized in which the hydrocarbon loss isriyea the field tests of membrane modules for the sejoarat
insignificant. However, they are only applicable toof carbon dioxide from low quality natural gas.their
separate 20% of carbon dioxide content. In additle®  study, they investigated the effects of pressueedf
absorption technology needs anti corrosion ageteto flow rate and feed concentration (3-25 mole% of,)CO
injected into the system continuously and adsonptio in the feed. Amerongen (1950) and Barrer (1951egav
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high contribution in the solution diffusion model C'y = Langmuir/hole filling capacity of the polymer
development in presenting the membrane performance. for a particular penitent

Mathematical models for various flow patterns; co-b Langmuir affinity parameter

current, counter current and cross flow have beep Partial pressure of gas penetrant

developed and studied by Shingtal. (1985) and Chen

et al. (1994). In this study, membrane processes for gas  Effective local diffusion is used to deténe the
separation involved with carbon dioxide is studfed  diffusivity of the penetrant in the polymer. Koros
gas sorption, permeability and selectivity variasio (1977) proposed a partial immobilization model in
pressure by utilizing dual mode model. The modelPresent as shown in Eq. 2:

parameters are determined by fitting the model &ga

with the experimental data. The computed resulés ar p =DD(1+(FK/(1+GCD)2)j @)

compared between pure and mixed gas experiment. o 1+(K/@+aC,¥)
MATERIALSAND METHODS Where:

Dual mode model: Dual mode model is applied to q=Pk=Cub qp= DB

predict the effect of impurities on the performarafe Ko Kp D,

the membrane. This model is a phenomenological
theory which gives greater representation of sompti Dp and Oy are Henry's law and Langmuir diffusion
diffusion, permeation and selectivity of Penetraimts coefficients respectively. F represent the ratio of
the membrane. Barret al. (1958) explained this model diffusivity, K is the equilibrium constant.
by indicating the concavity of sorption isothermthe In designing gas separation membrane, it is
pressure axis. This model was extended to diffugimh necessary to have the permeability of at least one
permeation coefficient. This model combines Henry’'scomponent and the selectivity of the other compbnen
law process, dissolved mode with the Langmuirwith respect to the first one. The permeabilityfGoent
sorption, where the penitent is believed to be dmkzb in the partial immobilization model is related toadl
on the surfaces of micropores of polymer (Chandramode parameters are represented by Eg. 3:
2006).

The dual mode model is broadly applied in FK
predicting membrane behavior due to its provenP:koDo[l’f1+b pj
performance in a penetrant and polymer system, ATA
simplicity of mathematical equation, well founded _.
fundamental basis and excellent agreement betwe
experimental outcome and theoretical hypothese

3

nary/Tertiary mixtures: The dual mode model is
uccessfully extended for mixtures (component A and

(Ismail and Lorna, 2002). Furthermore, this modst ¢ ) Eg. 4 and 5:
be extended and described for binary and tertiary
mixtures in analyzing the effect of penetrant st ~_ 0 +Cubp+CihR &)
mixtures where comparisons can be made with pse ga. ' (1+b,p +hR)
measurement.
Sorption mechanism is important to determine the FK
solubility of penetrant in the membrane. This P=k Do[l"mj ()

mechanism of the dual mode model is represented by

Henry's law and Langmuir sorption which is given by All the parameters in the dual mode model for

Eq. 1: mixtures are pure component parameters. On tha basi
' of the dual mode model, Koros assumed the difftysivi
C=C,+G, = KDp+CH7bp (1) of gas in the polymer is not giving too much effect
1+bp since the main effect of a mixture is due to the
competition by a variety of penetrant for the fixed
Where: unrelaxed volume in the polymer.
Cp = Concentration of penetrant in dissolved region The selectivity is essential to predict the
Cy = Concentration of penetrant in the holes performance of the membrane. Permselectivity iemiv
Kp = Henry's law/Dissolved mode sorption by Eq. 6:
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o =Yal¥e %13 _(R)(AR /x ©) polymer interaction. The estimated parameters are
2 A% x. Ix. P | Ap 1x summarized in Table 1.
A B B pB XB . ™
Figure 2 demonstrated the computed permeability
Where: versus pressure. Based on the results, the perfitgabi

. of pure gases is represented as a function of egustr
yaandy = Permeate concentration of component Apressure and this permeability is dependent on
and B respectwe!y pressure which igescribed by dual model and partial
Feed concentration of component A andimmobilization model (Chandra, 2006). The values of
B respectively Dp and I of this model are also listed in Table 1.
Koros suggested that the penetrant molecules in
RESULTSAND DISCUSSION the membrane have partial mobility that lead to the
Lo permeability, where penetrant molecules diffuse in
froms?ggt'gﬂélsor;ho‘ﬂ;" :ﬁ;diﬁgdsﬁywt:a};dﬁi‘fc’feﬁ 4and out of the holes (Safatial., 2009). The diffusion
sorption isotherm for both pure and mixed gases iSO€fficient, Dy shows the phenomena where penetrant
concave to the pressure axis. The concentration ¢f0 10 the dissolved region from the hole and a
penetrant in the polymer is described as a funatibn Situation where the penitent jumps from a dissolved
pressure. Data from (Kamaruddin and Koros, 1997jnode to another are represented by. [Bigure 3
is used to predict dual mode behavior of G&H, shows the effective local diffusion coefficient tife
gas in the 6FDA-TADPO membrane. membrane.

The sorption isotherm parametersyCh, k can The separation efficiency or selectivity of
be determined by nonlinear least-square regressiomembrane is vital in gas separation processesrd-#u
(Kim and Hong, 2000) by fitting the dual mode modelshows the experimental and predicted values off CO
equation to the above experimental data for gasc€H, mixed gas selectivity.

X and x

Sorption isotherm

_ é_‘ ;}gg —4— CO; pure
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Fig. 1: Sorption isotherm for GGnd CH (pure and mixed gas) in 6FDA- TADPO at 35°C

Permeability vs pressure
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Fig. 2: Pressure dependency of permeability cdefiis for CQ and CH (pure and mixed gas) in 6FDA-TADPO
at 35°C
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Diffusion coefficient for CO, and CH,
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Fig. 3: Diffusion coefficient for C@and CH (pure and mixed gas) in 6FDA-TADPO at 35°C
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Fig. 4: Comparison of the experimental and caled&Q/CH, selectivity versus pressure

Table 1: Dual mode parameters constant, By, is higher than Ci This phenomenon
Gas a3 Ch b Do F (Do/Dx) causes higher the depression of permeability adefft
gai %32223 32‘;%2‘; t-‘ﬁ?(’) 1-113%'%7 g-gg‘é for CH, as compared to GOin a binary mixture.
— - : = s P Furthermore, Langmuir hole filling capacity of €&
g,l']tzz)KD (cm3 (STP)fermatm), Cis (cnf(STPYler), b @), Do joscer” than CiH because the permeability of GHe
lesser than C9since CQ is closer to its critical point
DISCUSSION where the capability to fill up the holes is simple

(Ismail and Lorna, 2002). Besides, permeability is

Based on the Fig. 1 and Table 1, the percentagdecreased since mirovoids is saturated at a high &
decrease in sorption isotherm of mixed /G® much penetrant and microwave situation appears at low
larger than CH compared to the pure componentconcentration of penetrating that allow gas to pass
sorption isotherms This is due to the competitigsne through easily.
effect between COand CH for availability of a fixed Based on Fig. 3, pressure increase leads to serea
number of Langmuir’s sites in the case of mixed ga®f diffusion coefficient (Chandra, 2006). A strong
sorption (Kim and Hong, 2000). In addition, €O serving component of GO causes the diffusion
sorption in these microwaves is favorable and, 6@ increased due to swelling induced local facilitataf a
higher affinity towards free volume defect sitesrth local segmental motion when component present. On
CH, (Dhingra, 1997). Coupling effect is present in gasthe other hand, larger molecule of Ctay promote its
mixture where solubility coupling is considered by diffusion by facilitation of local segmental mot&n
taking into account the thermodynamic and kinetic From Fig. 4 above, the calculated selectivity is
properties of gases in the polymer in describing th showing a good agreement with the experimental data
transport phenomena (Madden, 2005). at the lower range of pressure <200 psia. At higher

From Fig. 2 above, permeability depression in thepressure, the predicted value deviated from
mixed gas measurement is due to solubility effect a experimental data with maximum error of 18%. The
competition from Langmuir sites in the polymer deviation may be contributed by the plasticization
between C@and CH (Dhingra, 1997). The data from phenomena of COin the membrane and bulk flux
Table 1 shows that the value of €angmuir affinity  contribution in this process.
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CONCLUSION Bhide, B.D., A. Voskericyan and S.A. Stern, 1998.
Hybrid processes for the removal of acid gases
The results for equilibrium sorption, permeability  from natural gas. J. Membrane Sci., 140: 27-49.
and diffusion coefficient graph of GGand CH in a DOI: 10.1016/S0376-7388(97)00257-3
6FDA-TADPO membrane was shown to exhibit chandra, P., 2006. Multi-component transport ofegas
classical dual mode behavior. Sorption isotherm and gnd vapors in poly (ethylene terephthalate).
permeability coefficient of pure gas are higher as Georgia Institute of Technology.
compared to mixed gas due to the competition cdyin - Chen, H., G. Jiang and R. Xu, 1994. An approximate
solubility of CQ, sorption isotherm for mixed gas is separating multicomponent mixtures. J. Membrane

higher than Chifor mixed gas as compared to pure gas  ggj.,,  95:  11-19. DOI: 10.1016/0376-
since the existence of GQends to defect the free 7388(94)85024-0

volume sites: - o ] Dhingra, S.S., 1997. Mixed gas transport studyugho
Depression of permeability coefficient of Clib polymeric membranes: A novel technique. State

higher than C® in a binary mixture because €O University, Blacksburg, Virginia.

Langmuir affinity constant, b of COs higher than ClH  Graham, T., 1866. On the absorption and dialytic

which refers to intrinsic of penetrant, presentihe separation of gases by Colloid Septa. Philosophical

tendency of a penetrant to sorb into the unrelaxed Trans. Royal Soc. London, 156: 399-439.
voids in the glassy nonequilibrium polymer. The smail, A.F. and W. Lorna, 2002. Penetrant-induced

results of the diffusion coefficient showed thae th p|asticization phenomenon in g|assy po|ymers for
increase in pressure will lead to the increase of gas separation membrane. Separation Purification
diffusion coefficient. In addition, computed @GH, Technol., 27: 173-194. DOI: 10.1016/S1383-
selectivity data was successfully validated by the 5866(01)00211-8

experimental data. Kamaruddin, H.D. and W.J. Koros, 1997. Some

observations about the application of Fick’s first
law for membrane separation of multicomponent
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