International Journal of Chemical, Materials and Biomolecular Sciences

ISSN:

2415-6620

Vol:6, No:6, 2012

Application of Modified Maxwell-Stefan
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Abstract—Pervaporation has the potential to be an alteradtv
the other traditional separation processes suchdiasllation,
adsorption, reverse osmosis and extraction. Thidystnvestigates
the separation of phenol from water using a polyiziee membrane
by pervaporation by applying the modified Maxwelefhen model.
The modified Maxwell-Stefan model takes into acddtwe non-ideal
multi-component solubility effect, nonideal diffudy of all
permeating components, concentration dependentitgeng the
membrane and diffusion coupling to predict varidlusces. Four
cases has been developed to investigate the prquessneters
effects on the flux and weight fraction of phennolthe permeate
values namely feed concentration, membrane thicknegerating
temperature and operating downstream pressure.niddel could
describe semi-quantitatively the performance of pleevaporation
membrane for the given system as a very good agmtebetween
the observed and theoretical fluxes was observed.

Keywords—Pervaporation, Phenol, Polyurethane,
Maxwell-Stefan equation, Solution Diffusion

|. INTRODUCTION

MOdiﬁe(,bartia|

Polyurethane membrane has a unique polymer chain
structure and morphology comprising of rigid hasfment
(diisocyanate and chain extender, viz., diol, drahi and
flexible soft segment (polyol). Polyether-basedypotthane
membranes have been used for pervaporative separati
phenolic compounds from aqueous solution [3, 4tkRand
Chung [5] worked on removal of phenol from aqueous
solution by liquid emulsion membrane. Park and @cvkers
documented mass transfer of phenol through suppdigeid
membrane [6].

The driving force of PV is the gradient in chemipatential
of each component which can be accurately estimbied
using Fick’s law to calculate its flux. This gradiés normally
created by maintaining a close to vacuum pressuarghe
permeate side thus, enabling the flux to be eséchaly the
pressure difference as well [7]. Pervapeeat
separation has the potential to improve the perdmce by
combining with integrated systems or even replaeeusage
of the more conventional separation methods usgalytsuch

HENOLIC compounds are by-products of many chemicaks distillation, adsorption, reverse osmosis arithetion. But

petroleum and pharmaceutical industries. Due tdoi&c
nature to human health, phenols are therefore nedjudo be

due to market barriers like the lack of informatiamout PV,
the poor availability of capital investments, searnembrane

separated from the compound for safe disposal @& timarket and the competition against other membraparation

distillate. Phenol can then be recycled back ad teebe sold
to other industries such as herbicide plants asnamaterial
[1]. According to Moraes et al. [2], the acceptabide levels
of phenol to be disposed of, as set by environnhéanes, is
0.5 ppm, which makes traditional methods such asteapic
distillation of phenol very difficult and energymsuming.

Membrane separation is one of the
physicochemical methods that include microfiltratio
ultrafiltration, reverse osmosis and pervaporati@V).
Compared with other traditional processes, penetimr
appeared far more effective due to its simplicityd ehigh
selectivity. Pervaporation with polymeric membrawéigh
perm selectivity were used for effective dehydnatiof
alcohol, recovery of aromatic compounds and sejograbf
organic solvents.
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techniques like nanofiltration and ultrafiltratioRV has not
been able to develop as quickly as other methaushik
communication we report the simulation of the phewnater
separation by pervaporation wusing polyurethane (PU)
membranes. The modified Maxwell-Stefan model wasius
simulate the selected pervaporation system. Theulated

effectiveesults were found in agreement with existing ditares to

determine its validity. The relationship betweer ttactors
affecting pervaporation and the feed and permdate \fill
also be described in detail.

Il. TRANSPORTMODELING THROUGHDENSEMEMBRANE

On a microscopic level, the PV process involvesguence
of five steps [8]: (1) selective sorption of liqydthase from its
bulk into the membrane, (2) dissolution of the idjinto the
membrane, (3) selective diffusion of the sorbed ponent
through the membrane, (4) desorption of the sofled into
vapor form at the permeate side, and (5) diffusibthe vapor
permeate at the membrane surface into the bulkrvég.1
shows this.
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A.Solution Diffusion Model B.Modified Maxwell-Stefan Model

The solution-diffusion model (SDM) can be used to The transport through a membrane for pervaporgfr)
describe the mass transport of the component feed &ide, can also be sufficiently modeled by Maxwell-Steéuations
through the membrane and finally to the permeate.sthis and was derived based on the SDM. This model hah be
model describes the pervaporation process in tsiegs: (1) further generalized by Mason and Viehland [10] pplging
sorption from liquid phase into membrane, (2) diftin of the the basic principles of statistical mechanics drel dlassical-
sorbed components through the membrane, and (8)yptEsn mechanical Liouville equation. For the relationshigtween
from the membrane into the vapor phase at the pargdde chemical potential driving force and friction resisce in a

[7,9]. multi-component solution, it was expressed as:
1 d/l‘ _On RT 4
Feed bulk BL Penmeate E_Zjﬂxj v _Vw)ng; @)
feed | Membrane | [BL bulk . ! . - :
Permeate where dp/dz is the chemical potential gradient of
component, x; is the mole fraction of j components whére
0, 1, 2, ..., n.v represents the local velocities of the
. _\ | components anRT/ Derepresents the frictional effect exerted
Cin . ) '
o e | by component oni.
" x! ; e » Flux equations for three components, which incluae
| - Cir binary mixture and membrane, can be expresseduatieqs
| N e (5) and (6) below [9];
L 5w -
. P _ D,, W, +D,, _ MW
‘Jl_DLM D +6 ol N ol M
12 2M Wl + DLM WZ I
. . . — D, W/ _ AW 5)
) +D M 7
Fig. 1 Mass transport steps during pervaporation M [—Dlz’sz,MWf Do W] JpM |
The model is under the assumption that the memizrane = _
R . . . = DLMW2+D12 = AWz
pressure is constantly uniform and the chemicalemqé! 3,=0| —= == |Pn— >
: H ' D12+D2MW1 +DLMW2 I
gradient across the membrane is expressed only nas a :
. . . . L. N ol [
concentration gradient. This assumption then atstiréctly +B. [ Dyu W, ]ﬁ AW, (6)
Y e M = — nN M
assumes that the membrane transfers pressurermlar svay Dy, +D,u W, + Dy W, |

as liquids [9]. Based on the assumptions abovepthssure whereg/ = (w +w )/2 and AW =W —w -

gradient or flux,J (g m*h?) of the permeation can be _ _ _
expressed as [7]: w; is the weight fraction of components 1 and 2 in a

membrane, g, is the mean density of the swollen membrane
and D,y is the diffusion coefficients of component 1 anéh?2
the membrane respectively. The average diffusiafficient

of a pure component in the active layer of the mamé,D;y

and the averaged density of a polymer membrageare

defined as:

1=9 1)
At
Flux, J is defined as the quantity of the high affinity
component towards the membrane permeated perinneit @
is the weight of permeate of either phenol, waterboth
components whileA (m?) andt (h) represent the effective
membrane area and time period, respectively. B jv:j D,y (W)dw @)

Perm-selectivity or the separation factor for peatios, o is Diu W -w,
a parameter which assesses the performance of enaeen "
and it is generally expressed by [7]: o = [, 2 (Wewf ®)
a= && (2) . \Ni,F _Wilp
C1 Cj2
whereC (g m® denotes the concentration on the feed (1) lll. POLYURETHANE MEMBRANE PROPERTIES
and the permeate (2) sides for componémtsdj. Activation To fully understand the transport behavior of tapagation

energy,E; (kJ mol) of pervaporation can be calculated usin@f phenol and water through the polyurethane (Peiniorane,
the modified Arthenius equation where when plottédae it iS important to look into the properties of theembrane

slope is the activation energy value [4, 7]. itself as well.
-E, (3) The PU membrane properties for this work had been
4 =die ex’{ RT] determined as follows:
where gas constar® = 8.314 J K mol andT denotes feed ~ ® Non-porous; . o
liquid temperature in K. e It is hydrophobic, thus, it has selectivity towards
phenol [4];

527



International Journal of Chemical, Materials and Biomolecular Sciences

ISSN:
Vol:6,

2415-6620
No:6, 2012

« lts structure is of a unique combination of a hardhe membrane thickness for the data obtained iswvaitable
section which is moderately polar and a soft sacticand thus, estimations of the value will be madeoatingly
which is non polar. This occurs as the blocks ugder and justified. The membrane density has been asbtonbe

microphase separation due to their thermodynam@5s0 kg m throughout all the simulation cases [4]. Thisds s

incongruity. The hard sections are impermeableavhikhat the effect of the manipulated variable camioee distinct
the soft sections are permeable [11]. Fig.2 shdws tand a clearer comparison between each of the casede

typical structure of PU;

done.

¢ The ratio of soft segments to hard segments can be

altered by adjusting the mole ratios of the reagent
when synthesizing the membrane and the length of
soft segments can be controlled by the type of

macrodiol relative molecular mass [12]. Theoretical

by increasing the soft-segments, the degree ofephas

separation will increase as well but to what extstilf
needs more experimentation works.

Amorphous
Soft Domain

Crystalline
HardDomain

o 0

|
{0-{CH2)4]-0-C!- QJ—O—CHZ—O—iﬂ-C-O{(CHz)rO]-
n H H n

Fig. 2 Polyurethane membrane structure

IV. SIMULATION METHODOLOGY USINGMODIFIED
MAXWELL -STEFAN MODEL

Four different cases with a different manipulatediable
were simulated:

» Effect of phenol concentration in feed with constancoefficient, O, is not available. Based on [4], it was observed

temperature of 60°C, downstream pressure of 2.50gnarkl
membrane thickness of 1xi@n.

» Effect of membrane thickness with constant tempegat
of 60°C, downstream pressure of 2.50mmHg and 1wf%
phenol feed.

» Effect of system temperature with constant dowastre

Feed Side Polymer Film Permeate Side

T
I

"Solution : "Vapor

Phase” | Phase”

Liquid Phase | Z°"® : Zone Vapor Phase

|
< |
- | :
I
(RN S—— :
< I
I
1

Fig. 3 Solution and vapor phase zones in a membrane

A.Simulation Methodology with Data Extraction

A swollen membrane consists of two zones namely the

‘solution phase’ and the ‘vapor phase’ zone as sham
Figure 3 and obtaining the weight fractions of pileand
water for the two zones respectively, is the fissép to
simulating the flux behavior based on the modif\daxwell-
Stefan model. Weight fraction of phenol and watéhiw the
membrane in the solution zogg,, was obtained from Hoshi

et al. [13] directly.
The diffusion coefficients for both components wateo
obtained from the paper directly but the diffusicoupling

that D, lies between the Dand B coefficients. Hence
another assumption was made here, whereby, thesDan
average of the other two coefficients. With thike tdata
Qollection is complete and the flux and new pheivol

permeate percentage values was calculated basetheon

equations stated above. Table 1 shows the colletdbased

pressure 2.5mmHg, 1wt% of phenol feed and membragg the conditions for Case 1.

thickness of 1x1&m.

» Effect of downstream pressure with constant tenipeza
of 60°C, 1wt% of phenol feed and membrane thicknafss
1x10° m.

The effects of the manipulated variable as mentaadgove
will be evaluated based on the partial flux caltalaresults
using modified Maxwell-Stefan pervaporation modelorder
to calculated this, input data namely concentratiependence
of density of a membrane, concentration dependefdbe
diffusion coefficients of pure components in thenmbeane,
weight fractions of the components in the feed pedneate,
coupled diffusion coefficient and the thickness tife
membrane is required. For the phenol-water penzjoor
through a PU membrane, the required data was @utdiom
[13] as displayed in the subsequent subsectiottsisrchapter.

The assumption made to estimate thg @efficient are
made instead of simply extracting the existing data
literature because of the different operating cthoi$ that the
system is running at as well as the different cositfipn of
phenol-water solution used which may deviate thaults.
Estimating the value would then ensure that theegead
results are as consistent as possible to the datcted from
Hoshi et al. [13], which is limited by the accuraof the
assumptions made.For Case 2, all the data requiasdaken
from Table 1 when the phenol in feed is 1wt%. lagsumed
that the diffusion coefficients are the same fotte different
membrane thicknesses for ease of calculation. Témtiap
fluxes and the calculated phenol in permeate peagenwas
then calculated for thicknesses of 2, 5, 8, 10,&@] 5Gm
respectively.
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TABLE | attributed by the plasticizing effects of certaoluses such as
EFFECTOF PHENOL CONCENTRATION ON PERVAPORATION (DATA phenol, by the increase of its concentration [S8hblE 4
EXTRACTED FROM [13]) depicts th imulated it f fi f feaenol
Phenol in Feed (Wi | 0. 1 3 3 7 epicts the simulated results as a function of fpaeno
Phenol in permeate concentration. It is observed that both fluxes éase from
Y 21 28 54 63 65 21 21
(Wt%) 178.48 to 6359.09 g An’ and 217.76 to 792.22 g ',
Wie 0.61 0.67 0.75 0.65 0.81 respectively, as the feed phenol concentrationemses from
W, 0.39 0.33 0.25 0.35 0.19 0.5 to 7 wt%. It can also be seen from Table 4 thatphenol
W, 0.0006 | 0.0019| 0.0122 0.0204 0.03p6 partial flux increases at a faster rate. This carattributed to
W, 0.3055 | 0.2352 0.1107 0.1241 o0.0627 the penetration of phenol molecules at a higher vdten the
Dy (x1C* nPs?) 0.2¢ 0.6¢ 1.8( 2.7¢ 5.8( feed concentration is higher; thereby the phenfbusivity is
D2 (<107 nfs’) 220 | 250 | 3.80 | 300 | 120 higher than that of water’s diffusion rate.
D1, (x107 n?s?) 1.24 1.55 2.80 2.85 8.90
o ) o ) TABLE IV
The diffusion coupling coefficient is not availalded was SIMULATED RESULTS—EFFECTOF FEED PHENOL CONCENTRATION
estimated based on the,rend observed in [4]. It is found Phenolin Feed, 05 1 3 5 7
. . . . 0, "
that the coefficient increases rather steadily whibe "thj 56004 | oeeat 07378 o698 0773k
temperature increases. From here, the assumptatnwith V‘ﬁ/ - : : : :
. . . . W g
every 10°C temperature increment, the coefficientréases A‘:"z 00845 | 0.0948 01393 02259 01278
by 20% with D, at 60°C as the basis while ensuring that thé 0.3053 | 03359 | 03811 0.3353 04233
value still falls between the;Bnd 0 values. The B value at | W, 0.3477 | 0.2826 0.1804| 0.237 0.1264
60°C is again obtained from the previous estimasibown in | D, (<10°n’s") | 0.855 | 2.02 6.86 9.05 24.6
Table I. Table Il shows the extracted data for Gase D,, (x10¥n’s’) | 7,65 7.07 6.85 7.11 15.2
J (gmi® h) 178.48 | 454.75 1690.48 1872.66  6359]09
TABLE Il % (gnZh?) 217.76 | 250.74 | 381 624.04  792.2p
EFFECTOF SYSTEM TEMPERATUREON PERVAPORATION (DATA EXTRACTED Phenglvin permeate 45 64 82 75 89
FROM[13]) calc (%
Temperature (°C) 50 60 70 80
E’ht‘;‘/”)c" in permeate 26 28 29 28 The phenol concentration in permeate increases #5%
Wi . . .
p - 061 067 065 07 to 89%. The increment at feed concentrations 0.5 wi% is
—= 039 033 035 03 sharper than the increment at feed concentrationie rthat
Wor : ' : : 3wt%. This can be explained by the swelling of the
W 0.0016 | 0.0019 | 0.0019| 0.002 : X
= 53557 05355 0246 55138 membrane. Higher feed concentration causes the nasmibo
Wap — i : : : swell more and expand in thickness. This expanaiwh the
Dy, (<107 nts’) 12.4 155 18.6 217 extra molecules in the membrane in turn resultsam

Extracted data for Case 4 is summarized in TabMaBies
which are constant for all downstream pressureDasew’ ¢

and whe at 60°C and 1wt% phenol feed which can be obtainét?

from Table 1 once again. For this case, the phenpérmeate
data is not available from Hoshi et al. [13]. Thum

assumption that the phenol vapor in the permeaténis
equilibrium with the vapor phase zone in the memeéra

increased difficulty for diffusion. Depending orethtability of
the membrane, there is only a certain upper lihdt the feed
ncentration can be increased
concentration will cause the membrane to swell dgelimit
and start to dissolve [14] of which cannot be meddby the
Maxwell-Stefan model.

B.Effect of Membrane Thickness

Therefore theg. value is directly obtained from the phenol in  pembrane thickness has an inverse relationship thieh

permeate literature value.

TABLE I
EFFECTOF DOWNSTREAM PRESSURETEMPERATUREON PERVAPORATION
(DATA EXTRACTED FROM[13])
P (mmHg) 0.5 25 5 10 20 30
Phenol in permeate 28 28 26 20 10 7
(Wt%)
W, 0.28
0.72

0.28| 0.26] 0.2Q
0.72| 0.74| 0.8Q

V.RESULTS ANDDISCUSSION

0.1
0.9

0.0
0.9

=

W

o
Wop

A.Effect of Feed Concentration

permeation rate. This trend can be seen in Tabléére the
phenol and water partial fluxes decrease from B#%3.10 g
m?h* and 125.37 to 5.02 g th?, respectively, with a sharp
drop in the phenol flux atn. This is because the thickness
of the membrane and the swelling poses as a flsistemce to
the permeate. Therefore, it is desirable to use filins to
minimize the resistance. Normally, the membranepsttp
plate that the membrane rests on also createdstaree. By
designing the backing plate to be porous, thatstasce is
normally assumed to be negligible.

The phenol in the permeate calculation results dbr
membrane thickness in this case is calculated ©59€. This
is an error as the percentage is supposed tolgligcstease as

When the feed concentration increases for an agueqy,cymented in Hoshi et al. [13]. This error canabeounted

mixture, the permeation flux increases becauseditinng
force for mass transfer increases. The increaseatsm be

for by the assumption that the diffusion coeffi¢geB,, D, and

to because the high
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D,, were assumed to be the same for all membraneaidssies
when in practice, the flow resistances that catisedlecrease
in flux mentioned before, will also cause the dsffan
coefficients to change.

TABLE V
SIMULATED RESULTS— EFFECTOF MEMBRANE THICKNESS
l(\:llﬁ]r;]brane Thickness 5 5 8 10 20 50
J, (gm? hY) 227.38| 90.95] 56.84 45.48 22.74 9.10
L (gm?h?) 125.37| 50.15 31.34 25.0f 12.%4 5.2
ZZ;—:-nol in permeate, calc 65 65 65 65 65 65

C.Effect of System Temperature

The effect of temperature on partial fluxes wadigd in
the temperature range of 50 to 80°C. An increasdeéd
temperature usually causes an increase permeatierand a
decrease in membrane selectivity. This is becaus

phenol concentration in the membrane does not tate
account the fraction of the water which did nofudie through
and remained in the retentate. To overcome thesntdgative
is ignored.

The effect of permeate side pressure on the flisxehown
in Table VII. It can be observed that as the dovessh
pressure increases, the water flux decreases niastically
than phenol, from 617.98 to 135.52@“’11 whereas, the
phenol partial flux decreases frd6.59 to 35.45gith™. The
pervaporation driving force is based in the cheimicaential
difference of the feed and permeate side which ban
achieved by means of applying vacuum on the peengde
and as the downstream pressure decreases, thegiemmate
would increase. This phenomenon may also be e>quaby
the membrane’s polymeric structure that has a ereat
resistance to the fluxes and require lower presstioe a

thigher permeation of phenol.

temperature excites the polymer at a molecular lleve

increasing its frequency and amplitude of motioniclvh TABLE VII
causes the polymer to unfold its chains, creatitigrger free — (mmHg)S'MULATED: RESULZS: EFFECSTOF PER“;'EATEPRE;OSURE =
volume for permeation to occur. The membrane selgct —— 5 - = N N
usually decreases because the unfolded chaineqfdlymer | AW 0.2661 | 927 | 02464 | 012 | 009 | 50567
membrane allow both the permeation of the orgahisw, 0.2661 | 0.27 0.2464 0.19 0.09 0.0567
compound and water [15]. W 0.1431 | 0.1450 0.1332 0.1090 0.0550 0.0383
A 0.8569 | 0.8550| 0.8668 0.8950 0.9450 0.9617
TABLE VI D, (x10° nfs
SIMULATED RESULTS—EFFECTOF FEED TEMPERATURE 1 ™M 2.02 2.02 2.02 2.02 2.02 2.02
Temperature (°C) 50 60 70 80 ), <107
AW/ 0.6084 | 0.6681| 0.6481 0.698 n'?zzsml) 7.07 7.07 | 7.07 7.07 | 7.07| 707
=/ ’
Aw, 01043 | 0.0948| 0.104 | 0.0862 5 (gmZn7) 17659 | 179.35 162.66 12391 56.8f 3545
W 0.3058 | 0.3359| 0.3259| 0.351 J (gm? hY) 617.98 | 626.65 573.78 44591 214p2 13552
W, 0.3379 | 0.2826] 0.2080 0.2569 | Phenolin
—= — permeate, calc | 22 22 22 21 20 20
D,,, (10 n's?) 1.83 2.02 1.96 2.11 (%)
D, (x10" nPs?) 8.45 7.07 7.45 6.42 2Negative value ignored for flux calculations
2 T . H
ji(gn;jzhh,Z 2;3-3‘7‘ ‘Z‘gg-;i ggg-g; ‘Z‘g;-g‘? As for the simulated results for the percentagphanol in
(gm_f) - - - =¥ the permeate, comparing with the experimental daien
Phenol in permeate, calc 54 65 61 71 A
(%) Hoshi et al. [13] and Moraes et al. [2], the resghould have

Comparing the results from Ghosh and co-workers if4]
can be confirmed that a phenol-water system behiavéss
manner. However, the simulated results (Table ®wsthat
the partial flux of phenol increases from 377.4449Y.34gm

’hl, As for the newly calculated phenol in permeate VI,

percentage, the results shows a steady increage@sis an
increase in the phenol flux. The increment, howgesaould
not have such a big range of 54 to 71% becauswdber flux
should have slightly increased as well. Therefdrem the
results, it was determined that a higher tempegaisirmore
advantageous when recovering the solute, but endydertain
degree. High temperatures can cause the membraliestdve
and degrade [8], which in this case, was not sustoliy
modeled, due to the water partial flux error.

D.Effect of Downstream Pressure

From Table VII, it can be seen that the differemceveight
fraction in membraneaw/', yields a negative value. This

situation occurred as the assumption made for Hpovzone

shown quite a sharp decrease in the phenol inghagate but
this is not the case. The results tabulated aseTaBhows that
the value is relatively unchanged, from 22 to 20Q%tis error

can again be accounted for diffusion coefficienduasption

made as explained earlier.

CONCLUSION

The modified Maxwell-Stefan model takes into acdadine
non-ideal multi-component solubility effect, nonéde
diffusivity of all permeating components, concetitna
dependent density of the membrane and diffusiomplatgi to
predict various fluxesIn conclusion, the Maxwell-Stefan
model can accurately simulate the pervaporatiorarsgipn
process of phenol and water. Results showed thanvthe
phenol in the feed increases, the partial fluxeshef phenol
and water also increases but with the former haarmore
drastic increment. The effect of membrane thicknesshe
fluxes, however, is inversely proportional, whehe tthick
membrane creates a greater resistance for thesidifflof the
components to the permeate side. The same goeshdor
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increase of the downstream pressure. As for thecefif the
system temperature, the simulated results areirlioe with

the compared

literature values.

There are somerserro

modified Maxwell-Stefan equations”, Journal of Memie Science,
vol. 214, pp. 293-309, 2003.

] E. A. Mason, and L. A. Viehland., Journal of Cheahiehysics, vol., 68,

however, which were primarily caused by the assumdtl]
diffusion coefficient values.

(1]

(2]

(3]

[4]

(5]

[6]

(7]

(8]
[9]

NOMENCLATURE

A  Effective membrane area’m

C. Concentration of component i in feed, § m

C, Concentration of component iin permeate, § m

Cyi: Concentration of component j in feed, gm

Ci, Concentration of component j in permeate, Yy m

D; Diffusion coefficient of component i, ns*

D Average diffusion coefficient of pure componernni
membrane phase,’rs*

E; Activation energy of permeation, kJ iol

J  Permeate flux, g frs*

J  Permeate flux for component i, g°ra®

Jo Pre-exponential factor for permeate
component i, g hs®

| Thickness of membrane, m

Q Weight of permeate, g

t Time of permeation, s

T  Temperature in absolute scale, K

wir Weight fraction of component 1 in feed

W]_/p Weight fraction of component 1 in permeate
Wy
X;  Mole faction of component j

flux

Greek Letters

o Separation factor

v Thickness of membrane

i Chemical potential of component i
v; Local velocity of component j, m's
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