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Abstract

Olefins and paraffins are the main building blocks for many products in the petrochemical
industry. Various research studies have demonstrated the viability of polyimide membranes for
high performance olefin/paraffin separation. Further advancements in this field require having a
thorough understanding of both sorptive and diffusive factors of permeation. This research study
presents an extensive analysis on using frame of reference/bulk flow and Maxwell-Stefan models
in order to elaborate on the transport and prediction of the performance in the case of
propylene/propane separation using polyimide membranes. Sorption data of pure gases are
utilized to calculate the sorption level of gases in binary mixture. The contributions of kinetic
and thermodynamic coupling effects (TCE) are assessed using Maxwell-Stefan approach.
Moreover, the dual-mode diffusion coefficients are evaluated and optimized for achieving higher
accuracy predictions in the case of binary gas mixture. The results reveal the significant role of
thermodynamic compared to kinetic coupling effects in governing the transport properties. In
overall, Maxwell-Stephan model with the contribution of TCEs offers improved predictions
compared to frame of reference/bulk flow model. The findings highlight the inevitable role of
taking into account the prominent interactions of feed components in model development for
better prediction of performance and evaluation of propylene/propane separation unit using

polyimide membranes.

Keywords: Polyimide membrane, Propylene/Propane separation, Bulk flow model, Maxwell-

Stefan model, Thermodynamic coupling effects
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1- Introduction

Gas and vapor separation processes have gained much attention in chemical and petrochemical
industries due to growing need for high purity chemicals [1, 2]. Nitrogen and helium separation
along with oxygen enrichment [3-6], hydrogen separation and purification [7-9], CO, removal
and natural gas processing [10-12], and hydrocarbon recovery and separation [13-15] comprise

main industrial applications of membranes-based technologies.

Separation of light olefins from paraffin gases is of paramount importance in the petrochemical
industry due to their applications as raw materials for a wide range of chemicals [16-19].
Compared to the prevalent separation technologies, which are highly energy-intensive, polymeric
membranes can offer a low-cost and simple process alternative [5, 13, 16-18, 20-22]. Among the
studied polymers, polyimides have attracted much attention due to their chemical resistance,
thermal stability and mechanical strength in many gas and vapor separation applications [23-27].
Extensive research on the separation performance of various polymeric membranes for
olefin/paraffin separation has indicated the superior characteristics of polyimides compared to

the conventional polymers [16, 18, 28-32].

The separation performance in the polyimide membrane is based on the difference in sorption
and diffusion of olefin and paraffin molecules. The dual mode sorption model, based on the
superposition of the Langmuir model and Henry’s law, has been extensively used to represent
transport in glassy membranes [33-39]. This model describes permeation of binary gas mixture
using sorption data of pure gases, while in binary systems the flux of each component cannot be
considered unaffected by each other which was not accounted for in the dual mode model. Some
researchers tried to overcome this shortcoming partly by considering the convective flux via

applying the frame of reference/bulk flow model [40-44]. Accordingly, using bulk flow model
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the permeation of binary gas mixture can be described as a ternary system comprising two
penetrants and a membrane. This approach successfully predicted permeation of binary gas
mixture through some polyimide membranes while failed in some other cases. Das and Koros
[44, 45] analyzed the results of propylene/propane separation by 6FDA-6FpDA with both dual
mode and frame of reference/bulk flow model. According to the results, calculated selectivity by
dual mode model was higher than the experimental selectivity of binary gas mixture while the
results of frame of reference/bulk flow model were in good agreement with them. In contrast,
frame of reference /bulk flow model was not able to predict the separation performance of
6FDA-DAM for the same binary gas mixture in the research done by Burns and Koros [43].
Dual mode model overestimated the permeability of propylene in the mentioned study while
underestimated that of propane. Moreover, this model deviated dramatically from the
experimental selectivity both in the amount and the trend. One probable reason for this
discordance may be coupling of the diffusion coefficients which can be investigated through

applying Maxwell-Stefan approach in the mixed gas membrane separation [43].

Although the application of the dual mode and frame of reference/bulk flow models were
examined in the literature for predicting propylene/propane separation performance in several
different membranes, the efficiency of Maxwell-Stefan model has not been assessed yet in the
same systems. However, the vast amount of studies on different membrane separation systems
utilizing the Maxwell-Stefan model have proved the ability of this approach in overcoming the
complications of mass transport in membranes [41, 46-54]. In addition, to the best of our
knowledge so far no critical investigation has been reported comparing different approaches of
mass transport through polyimide membranes for the separation of propylene/propane binary

mixture.
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The main objective of the present study is to evaluate and analyze both frame of reference/bulk
flow and Maxwell-Stefan models for predicting the permeation and selectivity in polyimide
membranes for propylene/propane separation. Besides, the contribution of kinetic and
thermodynamic coupling effects were also investigated via employing Maxwell-Stefan model.
Moreover, the influence of diffusion coefficients on the model predictions was also assessed and
optimized. Sorption data of pure gases from available literature were employed to calculate
sorption level of binary gas mixture using dual sorption model. Fluxes and subsequently
permeability were calculated using the two mentioned models. The governing transport

equations were solved using MATLAB codes.
2- Theory and fundamentals
2-1- Dual mode sorption

Sorption in glassy polymers can be described by the dual mode model which presents two types
of sorption modes; one includes the molecularly dissolved mode and the other accounts for non-
equilibrium pre-existing gaps or excess volume between chains [34, 55]. Accordingly, sorption
isotherm of component “7”” exhibited the following form [34, 44, 55, 56]:

C! bip:
HiViDi 1)

C: = kn:p; LL LI
i Dlpl+1+bipi

where kp; is the Henry’s law constant and Cj}; is the Langmuir capacity constant which is an
indication of the second sorption mode. The affinity constant, b;, is the measure of polymer

attraction for the sorbed molecule.

Fick’s law is the most widespread model that presents a simple relation between the flux of the

penetrant and the gradient of its concentration, described according to Eq. (2) [55].
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Dual mode sorption can be extended to represent the behavior of binary gas mixture as follows:

Cribipi

C; = Cp; + Cy; = kpip; + (3)

where Cp; i1s the Henry concentration and Cy; is the Langmuir concentration.
2-2-  Partial immobilization theory

Partial immobilization theory provides a more general form than that of Fick’s speculating a

finite mobility for the Langmuir sites along with Henry’s law sites [55, 57]:

dCp; dCy;
Ji = =Dpi—= = Dui— “)

(132
l

where Dp; is the diffusion coefficient of component in the Henry’s sites and Dy; is the

diffusion coefficient of component “/” in the Langmuir sites. In most cases, partial
immobilization theory gives an appropriate description of mass transport in membrane. However
in some cases, it is unable to show the relation between the concentration within the polymer and
flux of penetrants [46, 58, 59]. This formulation of diffusion is based on the assumption that
diffusion of each molecule is independent of other molecules. However, in several situations
such assumption fails to provide an appropriate description of the separation performance [46].

Applying this model along with sorption model leads to the following expression for the

permeability of component “7” [57].
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CriiDyib;

P:. = kn:Dn;
i Di Dl+1+bipi
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According to the partial immobilization theory, Henry’s population is completely mobile and is
able to fully participate in performing the diffusive jump while only a fraction of Langmuir’s
population is able to do so [40]. Therefore, mobile concentration comprises of Cp; along with a

fraction of Cy; presented according to Eq. (6).
Cumi = Cp; + FiCp; (6)

where F; is the ratio of diffusion coefficients Dy;/Dp; [35].

According to Egs. (4) and (6) the following expression can be written for the flux of component

“17 [42]:

dCpyi
=D, —M (7
] i Di dz
Since molar volumes of the gaseous penetrants are not readily available, it is more convenient to
express equations in mass units. Therefore, the mobile concentration (g/g pol.) also known as
“sorption level” is defined as follows:

—C MWi
LT Mi92400p

w

(8)

where Mw is the molecular weight of each component and p is the density of membrane.

Employing Egs. (6) and (8) leads to the following expression for the mobile concentration [44]:

Mw; Mw; F;Cf,;b;p;
Wy = W, + FiWy; = < i i iCHiPiPi )

— knip: 9
22400p °P1 ¥ 222005 T+ bip, + by, ©)
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3- Governing transport models

A thorough understanding of gas transport in polymeric membranes is very important from
industrial point of view. Moreover, designing new class of polymeric membranes requires a
comprehensive knowledge of permeation mechanisms in the membrane. Accordingly, frame of
reference/bulk flow model and Maxwell-Stefan were used as the two main models to investigate
the transport and separation performance of propylene/propane binary mixture in polyimide

membranes.

3-1- Frame of reference/bulk flow model

According to the frame of reference/bulk flow model, the transport of a binary gas mixture
through the membrane can be presented as a ternary system comprised of two gases and a

membrane using the following equations [40]:

dw
ny = (g +ny +ny)wy — PDnld_Zl (10)
dw
nz = (n1 +7’l2 +nm)W2 _pDDzd_ZZ (11)
dwy,

(12)

Ny = (nl +n; + nm)Wm — pDpm dz

where n is the mass flux of components through the membrane and subscript m refers to the
membrane. The first term of the right hand side is the convective or frame of reference term.
This term is required to be considered when studying permeation in the membranes since
diffusion of each molecule in a mixed gas environment is affected by the presence of other

molecules which can produce an effective bulk flow [40, 42, 44].
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Considering n,=0, rearranging Eqgs. (10) to (12) for flux of each component leads to the

following equations:

d
pPDp Wl/dz
(13)
n, = 1
1-1+ 1w
dw
pDp> Z/dz
) (14)
T A+ rw,
_Mh
r=. (15)
Boundary conditions are as follows:
z=0; p1 =D10; P2 = D20 W1 =Wy Wy =Wy (16)
Z=1; py =D P2 =D W1 =Wy Wy =Wy (17)

Mass fluxes of components 1 and 2 are obtained after integrating Eqs. (13) and (14) and applying

the above boundary conditions [40]:

1-wy(1+/y) (18)
pDp; In 1-wy0(1+1/)

1+1/,

1-wq  (1+7) (19)
pDDZ ln 1—W2'0 (1+T)

1+r

nzl =

Egs. (18) and (19) should be solved for n;/ and n,l iteratively in order to calculate the

corresponding permeability using the following expression [44]:
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_ 22400n,1

= 2
Mw,Ap, 20)

Py

_ 22400m,1

~ Mw,Ap, 21)

2

Membrane selectivity can be calculated as follows [42]:

Q12 = 5~ (22)

3-2- Maxwell-Stefan model

In fact selection of a proper diffusion model in multi-component permeation is very crucial in
modeling mixed gas transport. In most cases, the Fick’s law is utilized assuming that the
diffusion of each component is not affected by the presence of other components [46]. This
assumption may not be true for permeation in some binary gas mixtures where the flux of one

component can alter the diffusive and convective flux of the other component [40, 44].

The most common situation in which the Fick’s law can fail to predict the mixed gas
performance is when the diffusion coefficient of one component is affected by the diffusion of
other components present in the mixture [46]. It means that D is a function of concentration
which results to a more complex model [59-61]. Another situation is that the concentrations of
the sorbed penetrants are not small in the polymer matrix. And the last situation is when the flux
of one component is dependent on the gradient of concentration of other components [46].
Maxwell-Stefan model was presented as a logical starting framework to deal with the issue of
coupling of fluxes [41, 46]. This model, which can be derived from kinetic theory, was

developed originally to describe diffusion in gas mixtures and relates the forces acting on the

10
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molecules of each species to the friction between these species and any other species [46, 48].

For a multi-component mixture Maxwell-Stefan equation can be written as follows [41, 46]:

xix]-

d; = — . ,D_l-j(vi_vj) (23)
J#Fl

Where x and v are mole fraction and velocity, respectively. B;; is the binary diffusion coefficient

and d is driving force. Using mass fraction is more useful for describing diffusion in membrane

systems [40, 46] as follows:

n; = w;pv; (24)
Mw w; 17°

=Y Mw= 2_1 25

W= v M [ e (25)

Using Egs. (24) and (25) a more useful expression for describing mass transport in membranes

can be obtained:

2
Mw Tlin - ani

d; =
' MWLMW] P’DU

Jj#i

(26)

Accordingly, for a system comprising two penetrants and a polymeric membrane the following

equations are obtained:

Mw? nw, — n,w Mw? nw
Mw;Mw, pP12 Mw;Mwy, pB1,
Mw? n,w, —n,w Mw? n,w

= +
Mw;Mw, PP, Mw,Mwy, pBom

11
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The following redefinition of the diffusion coefficient leads to more simplified forms of the

transport equations [41, 46].

Mw;

Rearranging Eqs. (27) and (28) for the flux of each component, the Maxwell-Stefan equations

reduce to:
Mw w, Mw  w,, Mw w,
— + — 30
! (MWZ pD1;  Mwy, PD1m> m Mw, pDy, "2 G0)
_(MW Wy 4 Mw  w, ) Mw w, 31
2 Mw; pDy; MWy, pDoyyy "2 Mw, pDy, m Gl
The driving force can be defined via the following expression [46]:
du; d
C,4RTd; = ;2 Pm (32)

gz ViTaz

Where C,,; and C are the molar density of the mixture and the molar concentration and p,, is the

pressure in the membrane. Chemical potential, u, is defined as follows:

du; lenal- _dpm

dz dz t v dz

(33)

Where a is the activity defined as the ratio of partial fugacity to the standard fugacity. The latter
is taken always as that of unity so the activity is numerically the same as the partial fugacity. By
assuming the ideal gas law, partial fugacity can be represented by partial pressure. Since the
pressure throughout the membrane is constant therefore: dp,/dz=0 [46]. Accordingly, driving

force can be written as follows:

12
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g = Mw .dlnpi

=W, — 34
It can be rewritten in the following form:
Mw C; dp; dw;
Pt e (35)
MWi Di dCl dz
Substituting Eq. (35) in Egs. (30) and (31) the following equations can be obtained:
Cy dp; dw, ( Wy | Wp ) Wq
S Rt —= 4 — 36
P p1dCy dz “ Dim * Dim A 1m "2 (36)
C, dp, dw, Wy W, w,
———= —+— — & — 37
p,dC, dz (82 Do DZm) meT & M 37
Dim Mw; Dy
=—, = S—— 38
a1 Dy, w2 Mw, Dy, %)
where ¢ and ¢, are frictional coupling effects [41].
Egs. (36) and (37) can be written in the matrix form as follows:
n=—pBn~lVvw (39)

This allows evaluating the contribution of kinetic coupling effects, B, and thermodynamic

coupling effects (TCE), #, independently. The matrices are provided in Eqgs. (40) and (41):

13
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¢ w; Wm ¢ Wy
15— T —& =
D Dy Dy
B=l " w, " w W (40)
*Dom “Dom Do
and
G Cudpy
_ M1 Mi2] _|p1dCy p1dC
n= N21 7722] - (41)

b Cac
p2dCy  p,dC,

The off-diagonal elements of the matrix # are indicators of the thermodynamic coupling of fluxes
[62]. The term dp;/dC; should be calculated in order to calculate the elements of 7. For instance,
n;; 1s defined as the degree of influence of flux of component j on the flux of component i in the
mixture. After considerable algebraic operations, the following equations are obtained by

simultaneous solving of sorption equations (i.e., Eq. (3)) for components 1 and 2.
Eipi + Fipf + Gipy + H = 0 (42)
E;p3 + Fp5 + Gyp, + Hy = 0 (43)

Where coefficients E, F, G and H are provided in Table 1.

Elements of thermodynamic matrix can be calculated by differentiation of Egs. (42) and (43)

with respect to concentration (C).

Accordingly, the elements of TCE matrix can be obtained as follows:

14
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dE, dF dG dH
N e R R SRy (44)
Tha = P1 3pi E1 + 2p:F + Gy
dEy 3 , AF o |, dGi aHy 45
. G 2, Pl T ag, Pt o, Prt o, (45)
12 P1 3piEs + 2p1F + Gy
ar 2 , 4G aHy 46
n _% dcp2+dcp2+dcp2+dc (46)
2 P2 3p5E, + 2p,F, + G,
dE; 3 i) 47
n G [ ac, ac, P2 + p + 'p + dc, *7)
22 P2 3?9 Ez + ZPze + G,

Where the gradients dEi/dC;, dF/dC;, dG/dC; and dH;/dC; are provided in Table 2.

4- Results and discussion

The development of advanced polymeric membranes for propylene/propane separation requires a
thorough understanding about the factors affecting the transport of penetrants within the
membrane. Therefore, it is important to adopt a proper approach in order to predict the
performance of the membrane mathematically. Both frame of reference/bulk flow and Maxwell-
Stefan models allow accounting for the coexistence of the penetrating molecules through the
membrane and hence the results may be helpful to examine the commercial viability of the
polyimides. On the other hand, Maxwell-Stefan model originally accounts for the coupling of
fluxes of two penetrants while frame of reference/bulk flow model does not. According to the

Maxwell-Stefan model, the flux of one component is dependent on the gradient of concentration

15
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of other component in a binary mixture while this issue was not considered in the Fick’s law
which is the foundation of the frame of reference/bulk flow model. Moreover, matrix form of
Maxwell-Stefan model can be employed to assess the contributions of kinetic and
thermodynamic coupling effects independently. In the present study, sorption data of pure
propylene and propane in 6FDA-6FpDA [44, 45], 6FDA-DAM [43] and 6FDA-TrMPD [36]
were used to predict the separation performance of membrane in the case of equimolar (50/50)

binary gas mixture. These data are presented in Table 3.

4-1-  Analysis of sorption for pure and binary gas mixture

Sorption in glassy polymers can be well described using dual mode sorption in the base case.
This model describes the sorption using the assumption that two regimes are responsible for the
penetrant sorption. One regime is the unrelaxed free volume of the glassy polymer and sorption
into these sites can be described by the Langmuir model. The other regime is the sorption in
densified polymer chains responsible for Henry’s law domains that dominates at high pressures

when free volume becomes saturated [40, 43].

Fig. 1 shows the sorption values as a function of pressure using dual mode sorption model
calculated based on sorption data of pure gases. It is evident that considering pure components,
sorption of propylene is higher than that of propane in all polyimides indicating higher solubility
of propylene than that of propane. According to the data in Table 3, this can mainly be owing to
the larger Langmuir capacity constant (Cj;) of the polymers for propylene than propane,
indicating the dominating role of Langmuir sites in the sorption process. Interestingly, a limited
difference between the sorption of propylene and propane was observed in case of 6FDA-
TrMPD (Fig. 1 (d)) compared to the rest of polyimides. It was also noted that, sorption values for

16
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propylene and propane in the binary gas mixture were lower than those of respective pure
components. This can be attributed to the contribution of additional bp; term in the denominator
of Langmuir component provided in Eq. 5. In addition, results reveal a generally more
pronounced drop in the sorption of propylene when coexists with propane in a binary gas
mixture. Larger drops observed for 6FDA-DAM and 6FDA-TrMPD (Fig. 1 (¢) and (d))
compared to other polyimides can be attributed to the dominating role of Langmuir affinity
constants in these polymers for Propane. Therefore, the larger decrease in the sorption of the
faster component in the binary gas mixture can be attributed to the competition effect and/or

contribution of bulk flow that are not taken into account in dual mode sorption model [40, 44].

Fig. 2 demonstrates the corresponding values of sorption level for the investigated polymers. A
similar trend of higher sorption level of propylene than that of propane can be seen for all
polymers except for 6FDA-TrMPD in pure state. This can be attributed to the larger Henry
constant (kp) of propane compared to that of propylene in 6FDA-TrMPD (Table 3) compared to

other polymers.

In addition, sorption levels for propylene and propane in the binary gas mixture were lower than
those of respective pure components as explained earlier. The exceptionally lower sorption level
of propylene in binary gas mixture than that of propane in 6FDA-TrMPD can be explained by
data presented in Fig. 3 indicating a larger sorption level of propane in Henry sites (Wp;) arising

from the larger contribution of Henry constants of 6FDA-TrMPD for this gas.

Moreover, sorption level of propane in 6FDA-TrMPD is the highest among other polyimides due
to the highest kp and bCj; while sorption level of propylene is higher in 6FDA-6FpDA at 35 °C
despite lower values of kp and bCj; compared to that of 6FDA-TrMPD. Sorption levels for

propylene and propane are presented in Fig. 4.

17
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The highest values of propylene sorption level in 6FDA-6FpDA at 35 °C compared to other
polyimides can arise from its highest value of F' among other polyimides (Table 3). In order to
prove this hypothesis, mobile fraction of Langmuir population in all the studied polyimides were
depicted (Fig. 5) and it was observed that this value in 6FDA-6FpDA at 35 °C is the highest
among other polyimides. In other words, mobile fraction of Langmuir population play an

important role in determining the sorption level even in the case of small values for kp and bCj,.

4-2-  Analysis of frame of reference/bulk flow model

According to the frame of reference/bulk flow model, the transport process is considered as a
combination of both bulk and diffusive fluxes. Bulk flux is a function of sorption level in
permeation of pure components; however in the case of binary gas mixtures, bulk flux is a
function of both sorption level and flux of mobile components [40]. The contributions of bulk
flux of propylene and propane in different polyimides were calculated according to the method

described by Kamaruddin and Koros [40] and are presented in Fig. 6.

It can be observed that the flux of propane in the binary mixture of propylene/propane is much
higher than that of pure propane while the flux of propylene remained almost unchanged. It can
be inferred that propane molecules swept by the faster penetrant, propylene, and this led to an

effective bulk flow of propane.

In addition, Fig. 7 shows that the contribution of bulk flux for propane is much higher in the
6FDA-TrMPD compared to other polyimides. This may be due to the higher sorption level of

propane in this polymer as illustrated in Fig. 4 (b).

18
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It is obvious that bulk flux of propane, which was not accounted for in the dual mode model,
constitute a great portion of the total mass flux. This consideration led to more accurate
predictions of the separation performance in the case of 6FDA-6FpDA. Nevertheless, this model
failed to predict permeability and selectivity in 6FDA-DAM and 6FDA-TrMPD. Even more,
applying this model led to the wrong predictions for the trend of selectivity in the case of 6FDA-
DAM. This may be attributed to the fact that the flux of each component is dependent on the
gradient of concentration of other component as explained by Paul [46] and can be accounted for
by the Maxwell-Stefan model. It should also be noted that different testing temperatures as well

as the chemical structure of the studied polymers may paly parts in the obtained trends.

4-3-  Analysis of Maxwell-Stefan model

According to Maxwell-Stefan model the flux of each component is related to the driving force of
both components. In fact, driving force is a combination of the material fluxes which in turn can
be expressed in terms of composition gradients [49, 63]. Accordingly, coupling of fluxes is

inherently accounted for in this model which was not considered in the bulk flow model.

Propylene/propane selectivity for 6FDA-6FpDA at different upstream pressures calculated using
both frame of reference/bulk flow and Maxwell-Stefan models is presented in Fig. 8. It can be
observed that predictions of both models are in agreement with the experimental data of
permeation in binary gas mixture presented by Das and Koros [44]. In addition, predicted values
of the frame of reference/bulk flow model are almost the same as those calculated by the
Maxwell-Stefan model. This can be due to the negligible cross-terms of the kinetic coupling
matrix resulted from the infinite small values of frictional coupling effects. This in turn arises

from markedly small values of diffusion coefficients of penetrants, D;,, and D,,, compared to the
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coupling diffusion coefficient, D;,. Experimental dual mode diffusion coefficients (provided in
Table 3) were used as D;,, and D,,, and D;, were calculated according to the Chapman-Enskog

Wilke-Lee model [64].

Besides, the weight fractions of the sorbed species in the polymer matrix are small enough to
assume w,~1. The average values of frictional coupling effects (e; and ¢,), sorption level in
membrane (w,) and the calculated kinetic coupling effects (Baverage) are listed in Table 4.
Consequently, predictions of Maxwell-Stefan model approached to that of bulk flow model

which can also be observed in Figs. 9 and 10.

Due to the nature of the propane and propylene which are often separated at relatively low
pressures and high temperatures (i.e. at low activities), the observed effect of pressure on
selectivity (Fig. 8) and permeability (Figs. 9 and 10) in this case is quite modest. More
pronounced effects are expected for other gas pairs permeating at higher pressures and is the

subject of our ongoing investigations.

However, it was found that the predictions of the aforementioned models deviated from
experimental data in Figs. 9 and 10 reported respectively by Burns and Koros [43] and Tanaka et
al. [36] in the case of propane permeability. Whereas, Maxwell-Stefan model with TCE

contribution led to a better estimation of permeability of propane according to Figs. 9 and 10.

Comparison of the data related to the TCE matrix presented in Fig. 11, reveals that the cross
terms are not negligible versus the main terms suggesting that the diffusive fluxes of propane and
propylene are affected to some extent when present in the mixture. On the other hand, higher
values of #,, compared to 7,; may suggest that diffusive flux of propylene is strongly coupled
with that of propane. This can be a justifiable reason for less accurate prediction of permeability

of propane than that of propylene by Maxwell-Stefan model without TCE contribution.

20
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Therefore, the assumption that the gradient of concentration of each component can affect the
flux of other component seems to be valid when studying the transport of propylene/propane
binary mixture through polyimide membranes. The average values of thermodynamic coupling

effects are presented in Table 5.

Despite the importance of TCEs and their effective role in providing a better estimation of the
transport behavior in the mentioned systems, it is obvious that TCEs could not be the only
decisive parameters in determining the transport properties of binary gas mixture. As it was
mentioned before, sorption data of pure gases were used to estimate the behavior of binary gas
mixture while it was proved that the presence of penetrants in the binary gas mixture led to an
effective bulk flow for each component. Accordingly, it can be speculated that diffusion of each
component can also be affected in their binary gas mixture. This was investigated by calculating
the diffusion coefficients using experimental permeability and selectivity of binary gas mixture
employing Maxwell-Stefan model both without and with contribution of TCEs. The calculated
values are presented in Table 4 and used for analysis of the separation performance of 6FDA-
DAM and 6FDA-TrMPD. Comparing the calculated diffusion coefficients and the diffusion
coefficients of pure gases in Table 6 it can be observed that the optimized diffusion coefficients
of propylene in the binary gas system in both 6FDA-DAM and 6FDA-TrMPD reduced to almost
half of their original values. However, the optimized diffusion coefficient of propane stayed

almost unchanged in 6FDA-DAM while increased in 6FDA-TrMPD.

The reduced diffusion coefficient of propylene could be ascribed to the competitive sorption of
propane and propylene in the binary gas mixture. In addition, using the results illustrated in Fig.
11, it can be inferred that the flux of larger molecule, propane, probably hindered propylene

molecules to diffuse unlike the case of pure gas. This phenomenon did not disturb the diffusion
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of propane in the binary gas environment through 6FDA-DAM. Therefore, another phenomenon
might act to increase the diffusion coefficient of propane in 6FDA-TrMPD. According to Fig. 2
(d), propane sorption level is higher than that of propylene both in pure and binary gas systems
which makes the polyimide susceptible to plasticization. Therefore, one probable reason for the
increase in the propane diffusion coefficient in the case of 6FDA-TrmPD could be the
plasticization phenomena. The trend in the permeability of propane could be also a clue to the
presence of this phenomena in the mentioned polyimide since a minimum permeability can be

observed in Fig. 10.

Figs. 12 and 13 show the separation performance of both 6FDA-DAM [43] and 6FDA-TrMPD
[36] predicted by Maxwell-Stefan model without and with TCE contribution using data in Table
4. These figures indicate that diffusion coefficients that obtained via performing optimization
using the Maxwell-Stefan model with TCE contribution resulted in better estimation of
separation performance compared to the Maxwell-Stefan model in which TCEs were not taken
into account. The optimized diffusion coefficients can also be used to estimate the
propylene/propane separation performance of the polyimides in pressures other than those used

for the optimization.

5- Conclusions

Transport of propylene and propane through polyimide membranes were investigated and
analyzed by applying two major phenomenological models of frame of reference/bulk flow and
Maxwell-Stefan. Results revealed that sorption level of the more soluble gas, propylene,
calculated using the dual sorption model, was generally higher than that of propane and is highly

affected by the values of kp, bC; and F. Frame of reference/bulk flow model led to good
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estimations of the membrane performance in the case of 6FDA-6FpDA while could not provide
appropriate predictions for the separation performance of binary gas mixture in the case of
6FDA-DAM and 6FDA-TrMPD. This was attributed to the dependence of the flux of each
component to the gradient of concentration of other component. The validity of this speculation
was assessed via applying the Maxwell-Stefan model that initially accounted for the co-existence
of penetrants. According to the results, Maxwell-Stefan estimations approached to those of frame
of reference/bulk flow model due to the small values of the cross terms in the matrix of the
kinetic coupling effects. Better predictions were obtained using Maxwell-Stefan model with TCE
contribution. Calculating optimized diffusion coefficients by the aid of experimental
permeability showed that diffusion coefficients were also affected due to the presence of another
component in the binary gas mixture. Diffusion coefficients of all components decreased in the
binary gas mixture while that of propane in 6FDA-TrMPD increased. This could be probably due
to the plasticization phenomena since the sorption level of propane in 6FDA-TrMPD was higher
compared to other polyimides. In addition, the optimized diffusion coefficients could be utilized
to predict the behavior of propylene/propane separation in other pressures than those used for the
optimization. The findings can be effectively used by researchers for selecting the best strategies
in order to represent the best possible predictions about the membrane separation performance
for olefin/paraffin separation applications. Nevertheless, more investigations are required to

reach to more reliable conclusions which necessitate more experimentations and analysis.

Nomenclature
a activity
b Langmuir affinity constant [1/psia]
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matrix of kinetic coupling effects

gas sorption [cm’ (STP)/cm® (polymer)]

concentration of Henry’s law sites [cm’ (STP)/cm’ (polymer)]
concentration of Langmuir sites [cm® (STP)/cm’ (polymer)]
Langmuir capacity constant [cm® (STP)/cm’ (polymer)]
driving force

diffusion coefficient in the Henry’s law environment [m?/s]
diffusion coefficient in the Langmuir domain [m?/s]

binary diffusion coefficient [m?/s]

molar flux through membrane [cm’ (STP)/cm” s]

Henry’s law constant [cm® (STP)/cm’ (polymer) psia)]
membrane thickness [m]

molecular weight [g/mol]

trans membrane mass flux [kg/s m’]

pressure [psia]

permeability [Barrer]=[ cm’ (STP) cm/cm” s cmHg)]

ratio of mass flux of propylene to the mass flux of propane
universal gas constant [J/mol. K]

temperature [K]

sorption level (g/g)

sorption level in Henry’s law sites (g/g)

sorption level in Langmuir sites (g/g)

mole fraction

membrane length coordinate [m]

membrane selectivity
frictional coupling effects
matrix of thermodynamic coupling effects

chemical potential [J/mole]
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v velocity [m/s]

p average density of the polymer [kg/m’]
Subscripts

ij Index of components

ij interaction of component i and j
m membrane

0 upstream side of the membrane

[ downstream side of the membrane
1 Propylene

2 Propane
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Table 1. Equations derived from sorption equations and their respective coefficients.

Eip}+Fip5+Gipr +H =0

E;ps + Fap3 + Gop, + H, = 0

Ey = lekDZblzbZCHl - k%lblb%CHZ

F = 2kD1b1b22C1CH2 - k%nb%CHz - kD1b1b§CH1CH2
+ kp1b1b3CoChp + kpab2by Chy
+ kp1kab1byCyy — knzbszQCHl

Gy = 2kp1b3C1Cyp + b1b3Cy Cy1 Chyp — b1b5C1C,Chy
— b1b5CF Cyyp — kpybibyCrCyy

Hy = —b%CfCHz

E, = lekDZb%bl Cyz — k%bzbf Cy1

F, = 2szbzb12 CyCyy — klz)zbf Cyy — knzbzbf Cy1Cuz
+ kpobyb?CiCyy + kp1b3b,Chy
+ kp1kpabi1byCrp — kD1b§b1CZCH2

Gy = 2kpy b7 C3Cyy + babiCoCyi Cp — babf C1CoChyo
— byb{CFCyy — kp1b1b2CoCh

H, = —bfczzcm
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Table 2. The elements of TCE matrix and their respective gradients.

N1 N12 N21 N22
dE, dE; 9 _ %2
dFl 2 2 dFl 2 dFZ 2 sz 2 2
d_C1 = Zleble CHZ - kDZbleCHl d_CZ = leble CHl d_Cl = szbzb]_ CHZ d_C2 = ZkDZbel CHl - kD1b2b1CH2
dG,y _ 2 2 dGy _ 2 2
a, - 2kp1b%Cyy + b1b35Cy1Cyy ] ; a, - 2kp2b1Chy + b2bi CyiCha
G G
- blb%CZCHl d—Cl = —blbzzcchl d_CZ = _be%CZCHZ - belz_CchZ
- Zblbgcchz 2 L - szbeZCHl
— kpab1b,Cyy — kp1byb1Cyp
dH dH dH dH
=L = _2b2C,Cp i —Z2=0 - = —2bC,Ciy

dc, dc, dc, dc,
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Table 3. Dual mode and partial immobilization parameters of the studied polyimides.

- T D, D, k, b Cy bC’,, F
Polyimide (°C) Penetrant (m2/s) (m2/s)  (cm3stp/(cmd.psia)) (Psial) (cmsstp/cm3) (cmsstp/(cmi.psia)) (D./Dy) Refs.
Propylene 5.96E-10 3.92E-10 0.26 0.24 20.3 4.872 6.58E-01
6FDA-6FpDA 35 [44]
Propane  8.40E-11 8.50E-12 0.20 0.22 11.35 2.497 1.01E-01
Propylene 3.45E-09 1.86E-10 0.12 0.32 12.3 3.936 5.39E-02
6FDA-6FpDA 70 [44]
Propane  3.11E-10 3.00E-12 0.10 0.15 9.87 1.480 9.65E-03
Propylene 7.86E-08 7.90E-09 0.15 0.205 17.5 3.587 1.01E-01
6FDA-DAM 75 [42]
Propane  9.56E-09 1.53E-09 0.125 0.266 10.7 2.846 1.60E-01
Propylene 3.80E-08 4.30E-09 0.265 0.258 26 6.721 1.13E-01
6FDA-TrMPD 50 [3~]
Propane  2.50E-09 3.00E-10 0.347 0.476 17 8.095 1.20E-01




Table 4. The average amounts of frictional coupling effects , membrane sorption level and kinetic coupling effects.
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Polyimide (og) g & W, Biverage

6FDA-6FpDA 35 2.99E-07 4.82E-08 0.97 [2'60E9 1.6‘;)E10]
6FDA-6FpDA 70 7.72E-08 2.64E-09 0.98 [1E010 3.92?1311]
6FDA-DAM 75 3.35E-05 3.89E-06 0.99 [2'0§E7 1.8%08]
6FDA-TrMPD 50 2.09E-05 1.20E-06 0.97 [3'63E7 6.92708]
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Table 5. Average values of thermodynamic coupling effects (TCE).

- T

Polyimide (°C) Naverage
1.59 0.98

6FDA-6FpDA 35 3 Lag
2.15 1.08

6FDA-6FpDA 70 T Lall
1.61 0.98

6FDA-DAM 75 047 178

6FDA-TrMPD 50 1.43 0.64]
0.52 1.77
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Table 6. Experimental and optimized diffusion coefficients.
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Optimized diffusion coefficients
using Maxwell-Stefan model
without TCE contribution

Experimental diffusion
coefficients [36, 43]

Optimized diffusion coefficients
using Maxwell-Stefan model with
TCE contribution

o )
Polyimide °C) (m?/s) (m2/s) (m2/s)

Propylene Propane Propylene Propane Propylene Propane
6FDA-DAM 75 7.86E-8 9.56E-9 6.329E-7 1.25E-8 3.973E-8 9.1E-9
6FDA-TrMPD 50 3.8E-8 2.5E-9 3.279E-8 4.36E-9 2.033E-8 3.16E-9
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