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Abstract: In this research, solubility, permeability and diffusivity of gas mixtures
are comprehensively studied through the glassy polymers. Diffusivity of
components in the mixture is assumed to be a function of the concentration of all
components in the mixture. Then, the permeability of pure species is expanded to
the gas mixtures and for checking the validity, the model fitted to the
experimental data for permeation of CO./CH, through different glassy mem-
branes and the parameters of the model are calculated. Afterwards, the obtained
parameters are used for predicting permeability of CO, and CH,4 in the mixture.
The results show that solubility, diffusivity, and also permeability of CO. in the
glassy polymers are suppressed in the presence of CH, as well as plasticization.
Moreover, the diffusivity (D) for pure CO; is significantly pressure dependent in
the presence of plasticization whereas with the increase in the CH, fraction, this
dependency decreases due to the reduction in the plasticization.
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INTRODUCTION

Polymeric membranes are widely used in natural gas separation process. For
removal carbon dioxide (CO,), glassy polymeric membranes are often preferred
over rubbery polymeric membranes because of their higher CO2/CH4 or CO2/N;
selectivity.1® Although some types of glassy membranes have a good perfor-
mance in CO; separation, the performance of these membranes can be hindered
by plasticization phenomenon.”? Therefore, CO, permeability increases with the
feed pressure.”*3 On the other hand, permeability of pure inert gases such as CH.
or N, has decreasing trend with the pressure.}*® Thus, ideal selectivity of
CO,/N; or CO2/CHys increases with feed pressure.*® However, the behavior of
mixed gas feeds is significantly different from pure species. In the presence of
the plasticization, both CO, and N, or CH4 permeabilities increase. But N, or
CH. generally has larger increase than CO,, resulting in decreasing
selectivity 110141718 Thys, the actual selectivity is lower than ideal selectivity at
an special pressure.>'*'° Raymond et al.'® reported that for mixed gas feed of
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CO; and CH4 with equal composition, the actual selectivity at 5 atm is well
predicted by pure gases, whereas at 20 atm, the actual selectivity was much lower
than ideal selectivity. It was due to plasticization of membranes at 20 atm
pressure. Also, ideal selectivity of CO, and CH4 for polyimide (6FDA-mPD) was
reported about 60 at a feed pressure of 17.5 atm, whereas the actual selectivity
for feed with equal composition of these gases was observed about 4.2°

Therefore, a proper prediction of transport behavior for gas mixtures especial-
ly in the presence of plasticization is essential to accurately represent the
experimental results. Then, an accurate and simple model is required to use for all
the different behaviors of gaseous in glassy polymers.

Different approaches were developed to describe the solubility and transport
of gases and vapors in the glassy polymers. Among these models, Dual Mode
Sorption (DMS) and Non-equilibrium lattice fluid (NELF) models are well-known
models. It should be mentioned that, although NELF model has been extended for
all permeability behavior of gaseous in glassy polymers, it is used less than DMS
model because of the complexity and long calculations. DMS, a model with
empirical parameters, are widely used mainly due to its remarkable simplicity.
Although, different models with different assumption have been developed based
on this theory to investigate the permeability of pure and mixed gases in the glassy
polymers, less attention has been paid for predicting permeation of mixed gases
through glassy polymers in the presence of plasticization. In our previous works,
we extended a model for permeation of gas mixtures in glassy polymers based on
DMS model with no predictive capability.?-?? In the present study, a comprehend-
sive model based on DMS maodel is developed to predict the permeation behavior
of mixed gases through glassy polymers with and without plasticization using pure
data for solubility and permeability. To achieve this aim, diffusivity of all species
in the mixture is assumed to be a function of the concentration of all components in
the mixture. Then, for determining the parameters and also evaluation the accuracy
of the model, the predictions of the model are compared against the experimental
data for permeation of different groups of gas mixture in different glassy polymers.

THEORY AND BACHGROUND
Solubility

Based up on DMS model, two mechanisms of sorption occur in glassy polymers: i)
ordinary dissolution based on Henry’s law and, ii) “hole-filling” according to Langmuir
theory. The equilibrium isotherm for a pure gas A based on DMS model is expressed as:?*23

CI'-IAbA Pa
Ca =Cpa TCua =KpPa + 1+b, pa @
where C is the gas concentrations in polymer (cm® STP / cm?® polymer), Cp is Henry’s solubility
represents ordinary dissolution, Cy is Langmuir solubility represents sorption in microvoids or
holes, kp is Henry’s law solubility coefficient (cm® STP / cm® polymer.atm), C'y is the hole



GAS PERMEABILITY IN GLASSY POLYMERS 3

saturation constant (cm® STP / cm® polymer), b is the hole affinity constant (atm™) and p is
pressure (atm). Solubility coefficient of gas A in polymeric membranes is defined as:?%
Sa=Cal pa (2)
Koros et al. extended DMS model for gas mixture systems and the sorption of
components A and B of a binary gas mixture is expressed as:?®

C =k N Cll-iAbA Pa

AT paPa ¥ 15, pa+be s (3)
C =k N Cll-iBbB Ps

s "o Pe 1+bp pa+bg Pe (4)

Permeability

Based on the partial immobilization model (PIM), a fraction F of the sorbed gases in the
Langmuir sites are mobile and the remainder (/—F) is immobile whereas the whole gas
dissolved in the Henry’s region is mobile. The total concentration of mobile part of gas
adsorbed is Cry with a diffusion coefficient D. F is the immobilization factor and depends on
the nature of penetrant-polymer system as well as the system temperature.?*2

The flux (N) of component i is expressed as follows:?

N, - 0 (%) ®

= C;ﬁibi Pi
oiPi ¥ Tigp, (6)

For diffusivity of species i, a simple exponential relationship with penetrant mobile
concentration was found effective and given by:2%-%

Di = Dio exp(5iCmi) (7)
where D is the diffusion coefficient of pure gas at zero penetrant concentration, and p; is the
plasticization factor.

It should be noted that Eq. (7) can be used for all gases including plasticizer or not. In the
absence of plasticization (i.e. £ = 0), diffusivity will be constant and would not change with
pressure.

Then, Egs. (5)-(7) yield the following expression for the flux of penetrant gas in glassy
polymers:

where?!

Ci =Cpi TRCy =k

N; = Bo Cm_lz eXp(,Crmi )dChi (8)
| Cmi1
where subscripts 2 and 1 represent the upstream and downstream conditions and when the
downstream pressure is considered zero, Cpna1=0.
As Toni et al. study which considered the two mobility coefficients related to the
concentration of both penetrants,?® diffusivities for components A and B in the binary gas
mixture, are assumed to be related to the concentration of both penetrants and obtained by:

Da = Dao exp (faCma+ feCmg) 9)
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Dg = Dgo exp(faCma+ S8Cme) (10)
where Dao, Dgo, fa and Sz were obtained from pure state, and:

Criaba Pa
Con = Con = FCon = (KonPa P i ()

(12)

Chighg Ps
Cog =Cog T FeCip = (kDB Py + Fy 1+b, pa+bg Pg

Again combining Eg. (5) and Egs. (9)-(12) and integrating, yield the following
expression for the flux of for components A and B in glassy polymers:

Dag C
Na= _%Ic::f exp(BaCma + AeCing )dCia (13)

Dgo Cm
b= B 1 e 2

It is worth mentioning that for integrating Eq. (13), Cma and Cng should be written in
term pa and for Eq. (14) should be written in term pg.
Further, under steady state conditions, the permeability and selectivity are given by:??

po_Nl (15)
Pi2 — Pi1
where | is the membrane thickness.
RESULTS AND DISCUSSION

Mathematical procedure to predict permeation of mixed gas through glassy
polymeric membranes is as follows:

1. Calculation of parameters of DMS model (Eqg. (1)) for pure species by
fitting this equation on the experimental data of isotherms.

2. Using the obtained parameters from step 1, fitting Eq. (8) on the
experimental data for permeability of pure species and calculation parameters £,
F and Do of pure species.

3. Using the obtained parameters of steps 1 and 3 in conjunction with Egs.
(13) and (14), for prediction of permeability of species in gas mixture.

It is worth noting that the parameters of DMS model and non-linear
proposed models are obtained by least squares regression technique using
MATLAB software.

To validate the model, comparing with the experimental data for permeation
of CO,/CH. mixtures through different glassy membranes including polysulfone
(PST), polyetherimide (PEI), polyhydroxyether (PH), polyarylate (PAr) and
cellulose acetate (CA) are investigated.t® 293
Solubility

In order to study the permeability behavior of CO2/CH4 gaseous mixture, the
parameters of the sorption isotherm of pure CO, and CHys in the glassy polymers
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is required. DMS parameters for CO, and CH, in the different glassy polymers
which have been obtained by fitting DMS model on the experimental data are
reported in Table I. Afterwards, by consideration the parameters of Table I, and
using Egs. (3) and (4), the solubility of species in the gas mixture are predicted.

Table I. DMS parameters for pure CO, and CHy, in the different glassy polymers at 35 °C

Polymer Gas kp/cm®STP/cmiatm) C'y/cm®STP/cm® B/atm®  Reference

CO; 0.664 17.91 0.326

PSt CH,4 0.161 9.86 0.070 29
o N
o o S
oo 2o QGO =
o o i 2y A

As mentioned in our previous work,??? the solubility-pressure isotherm for
CO; and CH4 and their mixtures in glassy polymers, at the lower pressures
severely increases and with the increase in the pressure, the decrease in the
sorption slope is occurred. For higher pressures, almost this slope is constant and
the sorption isotherm changes linearly like the sorption of gases in the rubbery
polymers. This trend of sorption is due to this fact that at low pressures, gas
molecules adsorbed in the Henry and Langmuir sites and for higher pressures
Langmuir sites will be occupied. For gas mixtures, the presence of the second
component (i.e. CH4) inhibited the sorption of first component (CO,) by the
occupation of some sites of Langmuir portion. Then, the sorption of CO; is
suppressed by the presence of CH4 in the mixture (Figure 1).

Pure CH,

12 9 e 90.3% CH,
----- 74.0% CH,
10 1 _ — 53.9% CH,

Pure CO,
100 4 — — 46.1%CO,

CHy eoneentration, em® STF ) em? polymer

003 congentration, sm? STP J/ em? polymer

0 10 20 30 40 50
Total pressure, atm Total pressure, atm

Figure 1. solubility of A) CO, and B) CH, in CA glassy polymer
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Figure 2 shows solubility selectivity of CO2/CH, versus pressure. Solubility
selectivity is found to be significantly higher in mixture compared to pure
condition. This can be attributed to competitive sorption whereas solubility of
CO;, decreases in the presence of CHa as well as CH.. It should be mentioned that
the decrease in CHs solubility is more than CO; solubility due to higher hole
affinity constant of CO; (bco,>bcr,) resulted in increase in solubility selectivity.
As can be observed, the ideal solubility selectivity increases with the increase in
CH;, fraction at constant pressure as reported results by Vopicka et al.%2

Pure CO, / Pure CH,
— — 46.1%CO, /53.9% CH,

”a

% --=- 24.0%CO, / 76.0% CH,
“““““ 9.3% CO, /90.7% CH,

H
<
7
5

Solubility selectivity
= =
=] [

=]

=)

T T T T T
0 10 20 30 40 50
Total pressure, atm

Figure 2. solubility selectivity of CO,/CH, in CA glassy polymer

Permeation without plasticization

Permeability of pure CO, and CH, in different glassy polymers has been
fitted on the experimental data from the literature® and parameters of the model
including g, F and Do for CO2 and CH, are reported in Table Il (also determined
in ref. 30). Permeability-pressure plots have a decreasing and/or constant trend in
all cases. In these cases, there is no plasticization (8 =0), then, diffusivity is
constant. In this case which plasticization do not occurred, decreasing and/or
constant trends for permeability is related to solubility coefficient and is
controlled by immobilization factor (F) which is shown the mobile parts of
sorbed gas in the Langmuir region.

Table I1. Parameters of Eq. (8) for permeation without plasticization (5=0) as ref. 30.

Polymer Gas B F Dox108/cm? st
pSf CO, 0 0.118 453
CH4 0 0.174 0.690
PH CO; 0 0.094 0.877
CH, 0 0.072 0.246
PEI CO; 0 0.063 1.14
CH, 0 0.073 0.113
CO, 0 0.126 6.90
PAT CH,4 0 0.160 1.30
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Figure 3. Permeability of pure A) CO, and B) CHy, in different glassy polymers without
plasticization (experimental data from ref. 30)

Figures 4a-b show the prediction of model for CO, and CH. gases of
50/50 vol./vol. mixture in different glassy membranes using Egs. (13) and (14)
compared to the experimental data from Ref. 31. At a glance, almost a little
suppression in permeability in gas mixture is observed compared to pure species.
As mentioned above, solubility of species in the presence of second component
reduces compared to pure species due to occupation of Langmuir sites which has
been resulted in the reduction in the diffusivity as well as permeability. An
acceptable prediction for all cases can be observed.

w0l o A ——DMS model ——DMS model
OOO O PAr O PEl B O PAr O PEl
5 OOOOSPH A st Bl o PH A Psf
i © 0 o = §
A ® 03 ]
267 z
= .
: I B AU
R E LA A A A
o 2
2 Z o1
2 Ao
oo o oo o oonoo °©
— e soec 5o 50
1] T T T T v} T T T T
0 5 10 15 20 o 5 10 15 20
Pressure, atm Pressure, atm

Figure 4. Permeability of A) CO, and B) CH, gases of 50/50 vol./vol. mixture in different
glassy polymers without plasticization (experimental data from ref. 31)

Permeation with plasticization
Permeability

Figs. 5a-b show the permeability behavior of pure CO, and CH. through the
CA membrane, respectively. These figs. present the experimental data of Ref. 15.
with the predictions of the model, calculated by Egs. (8), using parameters 4, F and
Do for CO; and CHa listed in Table I11. For pure CO., permeability increases with
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the increase in the pressure due to the higher degree of plasticization of the CA
membrane. Because of the high sorption of CO;, which is a condensable gas,
polymer matrix swells and the interaction between adjacent segments of the
polymer chain reduces. Therefore, due to the increase in segmental mobility and
the free volume of polymer matrix, diffusivity increases with the increase in the
pressure. On the other hand, solubility coefficient decreases with the increase in the
pressure. Since, the increase in the diffusivity overcomes the decrease in solubility
coefficient, CO, permeability increases with the increase in the pressure. For CHs4
which has low solubility in the membrane, permeability decreases with the increase
in the pressure. In this case, plasticization does not occur, and diffusivity is
constant. On the other hand, solubility coefficient decreases with the pressure.
Then, permeability decreases with the increase in the pressure.

In addition, comparing the experimental data for permeability of CO; in the
gas mixture feed with different compositions from Ref. 15 and the predictions of
the model using parameters of Table Il, is shown in Fig. 6.

Table I11. Infinite dilution diffusivity and plasticization factor for the various penetrants in CA
membrane

Polymer Gas B F Dox107/cm? st
CA CO; 0.031 0.06 1.45
CH4 0 0.38 0.29
©  Pure CO, (exp.) (9]

o Pure CH, (exp.)

58 g B
g — Model F 013 5 E 4
m moom iy =
F6 ] g & & N
g (6] Z E,
5 F 011 3 = i
E E = @
5 a4 5 g
o Lol o
S = 5
& Fo0sS B2 { — Model O 46.1% CO,
5 B-E\G\E—U
o 24.0 CO, A 9.7%CO,
@ - ——— . 0.07 1 . . . . .
0 15 30 45 60 0 10 20 30 40 50
Fressure, atm Total pressure, atm

Figure 5: Permeability of pure COzand CHs  kjgyre 6: Permeability of CO in the mixture
penetrants in the CA membra?se (experimental ity different compositions versus pressure,
data from Ref. ™) comparison between experimental data from

Ref.1 and the model prediction

For feed with 46.1 % CO; and the rest CH4, permeability decreases with the
increase in the pressure up to about 30 atm and then increases. 30 atm is called
the “plasticization pressure”. Afore mentioned, solubility coefficient decreases
with the increase in the pressure and in the presence of CO; as a plasticizer
component, diffusivity increases with the increase in the pressure. For a feed with
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46.1 % CO,, at the pressures lower than 30 atm, the decrease in solubility
coefficient overcomes the increase in the diffusivity whereas at higher pressures
the increase in the diffusivity overcomes. Indeed, by adding CH4 as the second
component to the feed, some sites for sorption of CO. are occupied by CH,
molecules so that the solubility of CO; in the mixture declines compared to the
pure CO.. By the suppression in the CO- solubility, diffusivity of CO- lowers at a
specific pressure, consequently COs-induced plasticization decreases. It means
that CH,4 in the feed acts as anti-plasticizer. For higher fractions of CH, in the
feed, the effect of anti-plasticization increases and the permeability with the
increase in the pressure decreases. Therefore, by introducing CHa in the feed,
COs-induced plasticization suppresses. As can be seen, the prediction of the
model for permeability behavior is almost acceptable.

Moreover, Fig. 7 shows comparing the experimental data and the predictions
of the model for CH4 in gas mixture feeds with different compositions using
parameters Table Il. As observed in this Fig., for feed with 53.9 % CHs,,
permeability of CH4 passes through a minimum similar to the permeability of
CO; in Fig. 3. This behavior is due to the presence of CO, which causes the
membrane to plasticize. Also, for feeds with the higher fractions of CHy,
plasticization decreases due to the reduction of CO; sorption and diffusion, so
that for feeds with the fractions higher than 53.9 % of CH., CH4 permeability
decreases and/or is constant with the increase in the pressure. Also, with the
increase in CH4 fraction in the feed, CH4 permeability at specific pressures
reduces following suppression in plasticization.

E 1 m|

o 1 og g o H

Z 012

g -

£ J Fa .
g |

= 007 41 —— Model O 53.9% CH,

g |

© 76.0%CH, & 93.3%CH,

0.02 T T T T T
0 10 20 30 40 50
Total pressure, atm

Figure 7. Permeability of CH,4 in the mixture with different compositions versus pressure,
comparison between the experimental data from Ref. 15 and the model calculation

Diffusivity

Figs. 8a-b illustrate the estimated diffusivity versus pressure for CO, and
CHy. in the pure state and in the gas mixture derived from Eqgs. (9) and (10) using
parameters Tables | and I1. For pure CO;, stronger dependency of D to pressure
is observed, so that D increases significantly with the increase in the pressure due
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to higher degree of plasticization. For feeds with different fractions of CHa,
because of the reduction in the plasticization, the effect of pressure on D for CO;
become very weak and the dependency of D with the pressure, decreases with the
increase in the CH, fraction.

For pure CH4, D is constant and do not change with the increase in the pressure.
By adding 9.7 % CO; to the feed, very weak dependency of D to the pressure is
observed and this dependency increases with the increase in the CO- fraction due
to the increase in the plasticization, so that for feeds with 46.1 % CO,, D for CH,4
increases significantly. Also, at a specific pressure, D for CH4 decreases with the
increase in CH, fraction. It should be mentioned that although, with the increase
in CHy4 fraction in the feed, CH4 sorption increases, the swelling and the
plasticization effect decreases due to reduction in the CO; sorption. The latter
reason overcomes which results in the reduction in the diffusivity of CH, with the
increase in CH, fraction at a specific pressure.

= PureCH
Pure CO, N ~
101 — - 46.1%C0, A os | e 90.3% CH, B _
- — .. 24.0%CO, . — .. 76.0% CH, Pre
e % — — 53.9%CH, -
g 06 -
—r © -
= b = - —_
= 2 — - —_— -
ES = 04 - —_— R
E 4 T SO UUNORROPPPRTULTTELL L
g £ APt
g a
jm] 2 0.2
o T T T T 0 T T T T T
0 10 20 30 40 0 10 20 30 40 30
Total pressure, atm Total pressure, atm
Figure 8. Diffusivity of A) CO, and B) CH,4 in the CA membrane at the pure state and the
mixture

CONCLUSIONS

Permeation behavior of mixed gases through the glassy membranes is
significantly different from pure species, especially in the presence of
plasticization phenomenon. The presence of the second component such as CH4
or N2 along with CO; in the feed, led to the decrease in the CO, solubility
resulted in the decrease in diffusivity, permeability and also the plasticization
effect. This research was focused on the gas mixtures and developed a model for
prediction the permeability of species in the mixed gaseous through glassy
polymers with and without plasticization. Then, by comparing the proposed
model on the experimental data for permeation of pure CO, and CHs4 through the
different glassy polymer membranes, the parameters of the model calculated.
Afterwards, these parameters were used for predicting permeability of gases in
the mixture. The results show that the presence of CH, in the feed reduces the
permeability of CO, as well as the plasticization. Also, the results show that D
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for pure CO; significantly changes with the pressure and by adding CH4 to the
feed, this dependency decreased. For feed with 53.9 % CH,4 (46.1 % COy) D for
CHy increased with the increase in the pressure but for higher fractions of CH4 in
the feed this dependency almost disappeared.
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