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Minor components present in feed gas streams can have a significant influence on
the separation performance of polymeric membranes. Hydrogen sulfide is present in
many of the processes where CO, capture is possible and can therefore undergo com-
petitive sorption with CO; for transport through the membrane, as well as influence
the membrane morphology inducing plasticization. This study investigates the change
in CO, permeability and CO,/N, selectivity of two glassy polymeric membranes, poly-
sulfone and 6FDA-TMPDA, when 500 ppm H,S is present in the gas mixture. The out-
comes of this study reveal that H,S in trace amounts has a strong influence on the sep-
aration performance of both membranes. For both membranes, a plasticization partial
pressure ~0.5-0.6 kPa H,S is observed. H,S competitive sorption is also observed and
is modeled by competitive dual-sorption theory. Results suggest that mixed gas perme-
ation influences the amount of each gas immobilized within the Langmuir voids in
addition to the expected competitive sorption effects. © 2011 American Institute of Chemi-
cal Engineers AIChE J, 58: 967-973, 2012
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Introduction

Gas separation glassy polymeric membranes are an impor-
tant technology for carbon dioxide capture,' having shown
strong potential in the separation of CO, from natural gas,
syngas,” and biogas.* All of these applications have a high
CO, partial pressure, the key driving force for membrane sep-
aration.” Often, other gases are present in trace quantities that
can influence membrane performance. In particular, hydrogen
sulfide is a common component in natural gas, which often
requires “‘sweetening.” In syngas, H,S is generated from the
reduction of sulfur compounds present in the feed material. In
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biogas, H,S is a product of anaerobic respiration. Separation
processes exist that can remove the majority of H,S from these
processes, however, H,S will remain at ppm levels and will
therefore permeate through a membrane in competition with
CO,, reducing its separation performance.6 H,S may also
induce plasticization in glassy polymeric membranes, which
alters the polymeric structure and weakens the mechanical
strength of the membrane.”® This is known to accelerate aging
effects and lead to membrane failure. To date, the effects of
trace H,S on CO,-selective membranes have not been studied,
with the majority of the research focused on testing
novel membranes for their potential as H,S-selective mem-
branes.” ' However, understanding the effects of minor com-
ponents, particular H,S, in feed gas on the separation perform-
ance is critical for implementation of gas separation mem-
branes in industrial situations. Here, the effects of H,S at low
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partial pressures in a CO,-N, gas mixture are studied to quan-
tify their influence on the performance of two glassy CO,-
selective gas separation membranes; polysulfone and a fluori-
nated polyimide, 6FDA-TMPDA. The gas mixture, CO,-N,
with ppm H,S, simulates conditions that membranes would
experience in industrial processes. Polysulfone is a commer-
cially available proven CO,-selective membrane, while
6FDA-TMPDA is one of a class of new polyimides that have
improved performance over existing commercial CO,-selec-
tive materials.'

Theory

The concentration of gas in polymeric membranes below
the glass transition temperature can successfully be described
by the dual-mode sorption model.'””> Gas molecules are
assumed to sorb via two mechanisms; molecules absorbed
directly into the polymer matrix (dissolution) and molecules
adsorbed into micro-cavities within the polymeric matrix, a
product of the glassy polymeric chains never obtaining ther-
modynamic equilibrium. Hence, the concentration of gas A
within a glassy polymeric membrane is defined as:

C'uabafa
1 + bafa
where Cpya is the concentration in the Henry’s law region,
dependent on the Henry’s law constant (kps) and fugacity
(fa), while Cy, is the concentration in the micro-cavity region
modeled by a Langmuir isotherm, dependent on the maximum
gas concentration (C'y4), the Langmuir affinity constant (by),
and the gas fugacity.

Koros'® extended the dual-mode sorption theory for binary
gas mixtures, to account for competitive sorption effects,
guided by relations developed for gas sorption to catalysts.
The total concentration of gas sorbed in the polymer, C, for
a binary mixture of gas A and B is'®:

Ca = Cpa + Cua = kpafa + (D)

C'uabafa + C'upbrfs
1+ bafa + brfs

where all parameters have the same definition as above, with
the subscript denoting whether they are a function of gas A or
B. This assumes that the Henry’s Law component of the
sorption term behaves ideally. The concentration of gas A
within the membrane is therefore®:

C = kpafa + kpgfs +

2

C'uabafa
Ca =Cpa+Cua =k F— 3
A = Cpa + Cua = kpafa 5 bafs + bafa 3)
And the concentration of gas B within the membrane is:
C'upbefs
Cg =Cpg +Cu =k e 4
B = Cp + Cup = kpgfs 5 bafa + bufa C))

When three gas components or more are present, the
concentration of gas A becomes:

C'HADASA
1 + bafa + befs + bcfc + ...
(&)
The concentration of both gas A and B is reduced compared to
the single gas case (Eq. 1), and is heavily dependent on the

Ca = Cpa + Cua = kpafa +
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relationship between the affinity constants (b;) and fugacity
(f;) of all components.

Paul and Koros'” have proposed a model based on partial
immobilization of gas molecules in the micro-cavities of the
polymer leading to differences in the diffusion coefficients
of gas in both regions. Importantly, they base their model on
Fickian diffusion coefficients, rather than thermodynamic
diffusion coefficients which are used in the comparable
model developed by Petropoulos.18 The Fickian diffusion
coefficient is related to the thermodynamic diffusion coeffi-
cient by:

_ Ca ( Ofa ]
D =Dt (e . ®)
These authors assume that the total gas concentration can be
divided into a mobile part with a concentration Cy,5, while the
remainder is totally immobilized. The mobile gas consists of
all the gas in the Henry’s Law region (Cpa) and a fraction F 5
of gas associated with the Langmuir region (Cu)'":

FaC'Habafa
Cma = Cpa + FaCua =k +—— 7
A pA + FACHa = kpafa 1+ bafs (7

The overall mobile gas is assumed to diffuse with a Fickian
diffusion coefficient equivalent to that in the Henry’s Law
region so that:

®)

OCp,
NA = —Dpa [ A]

Ox

Paul and Koros also assume a linear decrease in gas
concentration across the membrane, and therefore the steady
state concentration profile across a membrane of length / is':

X

CmA - (CmAZ - CmAl) [ /

] + Cial ©
where Cp,ao and Cya; are the upstream and downstream
concentrations of the mobile phase. Hence, substituting Eqs. 7
and 9 into 8, the observed permeability of pure Gas A can be
determined:

Py = Nal _ Dpa(Cmaz — Cmal)
" (faz —far1) (faz — fa1)
Dpa FAC'HAbA]
= k 4 —_
(faz — fa1) [[ PAT + bafaz Jaa
FAC'HAbA]

— | k _ 10
[ron + P | 00

For a binary mixture, the concentration of the mobile
component for a binary mixture is:
FAC'uabafa

Cma = k _ 11
A DAfA+1+bAfA+beB (11)

Hence, the observed permeability of gas A for a binary
mixture can be determined by substituting Eqs. 9 and 11 into
Eq. 8.

FAC'uaba

B Dpa
o (o —1u1) [[kDA TTH bafa + i

]fAz
(12)

FAC'yaba
— k 4+
[DA e gy
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Figure 1. Concentration isotherms of N, in polysulfone
and 6FDA-TMPDA at 35°C.

where fg, and fg; is the upstream and downstream fugacity of
gas B respectively. Similarly, for a three component gas
system the permeability of gas A can be determined:

FAC'aba
1 + bafaz + bgfe2 + befca

D
PA_DA|:[kDA+

(faz —fa1) ]f ~

FAC'uaba ]
13
L + bafar + bgfe1 + bcfci Sar| (3)

- [kDA +

This multi-component competitive sorption permeability
model does not have the same rigorous derivation as the
comparable Petropoulos model,”>"® and most specifically
assumes that the mobile concentration of Species A falls
linearly across the membrane film. This assumption may be
less well justified in a multicomponent mixture, where the
concentration of gas A also depends upon the concentration of
other gas species. However, it provides a solution that allows
the observed permeability to be modeled without detailed
knowledge of the sorption behavior of the minor components.
Specifically, only the Langmuir affinity parameters (bg and
bc) for these species are required.

Experimental

The membranes studied were polysulfone (Aldrich) and
6FDA-TMPDA  (2-2'-bis(3,4'-dicarboxyphenyl) hexafluoro-
propane dianhydrid-2,3,5,6-tetramethyl-1,4-phenylenedi-
amine—synthesized in house®). All membranes were cast as
flat dense sheets, from chloroform solvent for polysulfone
and from dichloromethane solvent for 6FDA-TMPDA, fol-
lowing established procedures.”® Membrane thicknesses were
~40 pm. Each membrane was dried at 100°C for 24 h under
vacuum, and then annealed at 150°C for 48 h under vacuum.
On completion of the annealing process, membranes were
cooled slowly to room temperature under vacuum conditions,
~6 h and stored in a moisture free environment for less than
a week, to minimize aging effects.
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Sorption measurements were conducted on a Gravimetric
Sorption Analyzer (GHP-FS, VTI Scientific Instruments, Flor-
ida), with a Cahn D-200 microbalance, as described else-
where.?! The membranes were initially exposed to vacuum
overnight and heated to 120°C to remove air and water vapor.
The penetrant gas was introduced into the chamber in pressure
steps at 35°C and the equilibrium mass of membrane plus
sorbed gas was measured. In an incremental manner, penetrant
isotherms as a function of penetrant pressure were determined.
Desorption isotherms were also measured and overlaid adsorp-
tion isotherm in all cases (i.e., no hysteresis was observed in
the sorption-desorption behavior). Sorption mass equilibrium
for all gases was reached within a maximum of 6 h at each
pressure. A comparable experiment using helium was com-
pleted to determine the buoyancy correction.

The pure gas permeability through the membranes was
undertaken on a constant volume, variable pressure gas perme-
ation apparatus.”> The apparatus operates by supplying feed
gas at constant pressure to a preheating loop before proceeding
to a sealed in house constructed membrane unit. The heating
loop and membrane unit are housed in an oven for temperature
control. The permeate gas passing into a cooling loop and
known volume that is housed in a water bath, ensuring con-
stant temperature of 25°C. Pressure increase in the permeate
volume is determined by a MKS Baratron transducer, range
0-1.3 kPa absolute pressure. Before each gas permeability
experiment, the total membrane system was evacuated, before
the feed gas was applied, and the increase in pressure in the
known permeate volume recorded every second. The perme-
ability was then evaluated from Eq. 14; given the gas flux (Q)
was determined from the pressure increase in the known vol-
ume, which thickness (/) and area (A) known:

0-1
p——=<""
A- AP

Mixed gas conditions were tested on different instrumentation,
based on constant pressure23 (Scholes et al., submitted). The
membrane films were mounted on a porous stainless steel
support in a 47 mm test cell, which was placed in an oven
maintained at 15, 35 or 55°C. A feed stream of 90% N, — 10%
CO, gas mixture (BOC Ltd., Australia) was passed across the
retentate side of the membrane, while helium sweep gas (>
99%, BOC Australia) passed across the permeate side to
prevent concentration polarization. The retentate pressure was
varied, while the permeate side was at atmospheric pressure.
Flow rates were maintained and monitored by digital mass
flow controllers (Aalborg), with a back pressure regulator on
the retentate side (Extech Technologies). Each membrane was
exposed for 2 h until steady-state CO,/N, separation had been
obtained, then the feed gas was changed to 90% N, — 10% CO,
with 500 ppm H,S gas mixture (BOC Ltd Australia), with
pressure and temperature conditions the same as before. The
permeability of CO, and N, as well as selectivity were
measured every 15 min until steady-state had been achieved,
and the influence of H,S observed. Concentrations of CO, and
N, in the permeate gas were determined by gas chromato-
graphy (Varian CP-3800, column PORAPAK Q). It was not
possible to detect H,S due to the concentration being below
the sensitivity of the gas chromatograph detector.

Modeling of the measured permeability of CO, under
mixed gas conditions, with N, and H,S present, was

(14)
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Table 1. Dual-mode Sorption Parameters of CO, and N,, kp
(em*STP)/em® atm), C'yy (cm*(STP)/cm®), b (atm™") and the
Immobilization Factor (F) of CO, for Polysulfone and
6FDA-TMPDA at 35°C

Polysulfone 6FDA-TMPDA
CO, N, CO, N,
kp (em*(STP)/em® atm) 0.41 0.16 3.2 0.3
C'y (cm’(STP)/em®) 16.2 2.81 58.8 12.0
b (atm ™" 0.38 0.11 0.55 0.083
F 0.48 - 0.57 -
Carbon dioxide parameters are taken from Duthie er al. ** and Scholes et al.**

undertaken using Eqs. 12 and 13. These equations require
only the Langmuir affinity constant, b, for N, and H,S. Con-
versely for CO,, diffusivity and all other dual-mode sorption
parameters are required.

Results and Discussion
Concentration isotherms of pure gases

The concentration isotherms of carbon dioxide in 6FDA-
TMPDA?* and polysulfone24 have already been reported. The
concentration isotherms of nitrogen in these materials are
shown in Figure 1. These isotherms all demonstrate standard
dual-sorption behavior as indicated by a rapid increase in gas
concentration at low pressures, which tapers off at higher pres-
sures to an almost linear relationship.'> At low pressures, the
microvoid space within the polymeric matrix is filled. As the
pressure of the gas increases, the free microvoid space
becomes limited and the concentration build-up is reduced to
the sorption of gas in the polymeric matrix only. This follows
Henry’s law, hence the almost linear relationship at high pres-
sures. The dual-mode sorption parameters for nitrogen in the
two polymers were determined by fitting Eq. 1 to each iso-
therm, with the goodness of fit shown in Figure 1. The dual-
sorption parameters for both gases are presented in Table 1.
Also included in Table 1 are the immobilization factors for
CO, at 35°C, as previously reported.**>*

The polysulfone dual-sorption values correspond well with
those reported by Aitken et al.,>> while the 6GFDA-TMPDA N,
values are similar to those reported for similar polyimides.?®*’
Shao et al.*® has also reported dual-sorption parameters for
CO, and N, in 6FDA-TMPDA. The values for CO, are similar
to those used here, with small differences attributed to Shao
et al.”® only measuring CO, sorption to 8 atm, in comparison
to 16 atm for the values used here. There is greater discrep-
ancy between the dual sorption values for N», in particular the
C'y used here is half the value reported by Shao et al. and the
b is almost double the value reported by Shao et al. These dif-
ferences can be attributed to several possible causes; differen-
ces in membrane morphology because of different annealing
history; inaccuracy in the sorption measurement because of
the low solubility of N,; and the interdependency of the two
dual sorption parameters in the regression analysis.

CO, permeability under mixed gas conditions with N,
and 500 ppm H,S

The variation in CO, permeability through polysulfone
and 6FDA-TMPDA after exposure to other gases in the feed
at various total pressures can be seen in Figures 2 and 3.
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Figure 2. CO, permeability in polysulfone as a function
of CO, fugacity for pure gas, N>-CO, mixed
gas conditions and N,-CO, mixed gas with
500 ppm H5S present, at 35°C.

Changes in CO, fugacity where achieved by changing the
total feed pressure between 400-1600 kPa, so that both N,
and H,S fugacity also increase along this axis.

These graphs have been plotted with CO, fugacity on the x-
axis, but it should be kept in mind that changes in CO, fu-
gacity where achieved by changing the total feed pressure
between 400 and 1600 kPa, so that both N, and H,S fugac-
ity also increase along this axis.

The permeability for pure CO, varies little with fugacity
due to the relatively narrow range of fugacities studied.
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Figure 3. CO, permeability in 6FDA-TMPDA as a func-
tion of CO, fugacity for pure gas, N,-CO,
mixed gas conditions and N,-CO, mixed gas
with 500 ppm H,S present, at 35°C.

Changes in CO, fugacity where achieved by changing the
total feed pressure between 400—-1600 kPa, so that both N,
and H,S fugacity also increase along this axis.
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Table 2. CO, and N, Permeability through Polymeric
Membranes under Pure Gas Conditions, 400 kPa at 35°C,
compared with Literature Reported Values

Polysulfone 6FDA-TMPA
CO, Permeability (barrer) 5.44 551
CO, Literature (barrer) 5.6% 577%*
N, Permeability (barrer) 0.32 56.4

Literature data for CO, in polysulfone was recorded at a pressure of 20
atm,”® while that for 6GFDA-TMPDA was at 1000 kPa.”>

These are all less than that required to plasticize each poly-
mer; the plasticization pressure for polysulfone is 34 bar
CO, at 21°C,* and 6FDA-TMPDA is plasticized by CO, at
14 bar at 35°C.>> The permeability of CO, for the N,-CO,
feed mixture, with no H,S present, are lower than those
obtained for CO, under pure gas conditions (Table 2). This
is a common observation for mixed gas systems,30 due to
competition with N, sorption within the membrane structure.

Upon exposure to H,S, a reduction in the permeability of
CO, occurs for both glassy membranes, at every partial pres-
sure. This is due to competitive sorption between H,S and
CO, within the microvoids, where H,S will replace some
adsorbed CO,, and reduce the concentration of CO, within
the membrane. Clearly, H,S strongly competes with CO, for
space within these microvoids, given that H,S has such a
great impact when it is present only at ppm levels. Increas-
ing the partial pressure of H,S generally reduces the CO,
permeability because the higher fugacity of the gas leads to
stronger competitive sorption. However, increasing the H,S
partial pressure for polysulfone above 0.5 kPa (by increasing
the total feed pressure to a corresponding CO, fugacity of
above 100 kPa) results in a notable rise in CO, permeability,
compared to the lower H,S partial pressure measurements.
This increase can not readily be accounted for by CO, plasti-
cization, given that the membranes had been exposed to N,-
CO, gas mixture two hours prior to being exposed to 500
ppm H,S. Rather, this is suggestive of partial plasticization
of the membrane materials by H,S, which increases the dif-
fusivity of gases through the membrane due to disruption to
the polymer chain—chain intermolecular bonding network.®
This increases the fractional free volume and produces an
increase in the measured permeability of gases.

Similar trends in the data were observed at 15°C and
55°C (data not shown) with evidence of H,S plasticization
also evident above a partial pressure of 0.5-0.6 kPa in the
data for 6FDA-TMPDA at 15°C, where solubilities are
higher than in the data presented here.

N, permeability under mixed gas conditions with N, and
500 ppm H,S

N, also experiences competitive sorption from H,S, and
so the permeability of N, through both glassy polymeric
membranes also decreases (Figures 4 and 5). The reduction
is not as pronounced as observed for CO,. H,S undergoes
stronger competitive sorption with CO,, because a significant
amount of the sorption of this gas occurs within the micro-
voids of the membrane, where N, sorption is low. Impor-
tantly, there is again some evidence of membrane plasticiza-
tion at comparable partial pressures of H,S, by the observed
increase in N, permeability.
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Figure 4. N, permeability in polysulfone as a function
of N, fugacity for pure gas, N>-CO, mixed
gas conditions and N,-CO, mixed gas with
500 ppm H5S present, at 35°C.

Changes in N, fugacity where achieved by changing the
total feed pressure between 400—1600 kPa, so that both CO,
and H,S fugacity also increase along this axis.

CO,/N, selectivity under mixed gas conditions

For pure gas measurements, the CO,/N, selectivity at
35°C is 17 for polysulfone and 9.8 for 6FDA-TMPDA.
Under the N,-CO, mixed gas conditions, CO,/N, selectivity
increases to 37 for polysulfone and 24 for 6FDA-TMPDA.
This significant increase in ideal selectivity is the result of
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Figure 5. N, permeability in 6FDA-TMPDA as a function
of N, fugacity for pure gas, N>,-CO, mixed
gas conditions and N,-CO, mixed gas with
500 ppm H,S present, at 35°C.

Changes in N, fugacity where achieved by changing the
total feed pressure between 400-1600 kPa, so that both CO,
and H,S fugacity also increase along this axis.
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N, permeability experiencing a stronger competitive sorption
effect from CO,, compared with CO, permeability from N,.
For example, in 6FDA-TMPDA, CO, mixed gas permeabil-
ity is reduced 27% compared with the pure gas case, while
N, mixed gas permeability is reduced by 57% compared
with the pure gas case (Figures 3 and 5). Hence, under
mixed gas conditions the ideal selectivity of CO,/N,
increases.

With the addition of H,S, the CO,/N, selectivity for poly-
sulfone reduces to an average of 35, while for 6FDA-
TMPDA the selectivity reduces to an average of 21 across
the pressure ranges studied. Hence, with the addition of H,S,
the permeability of CO, is reduced significantly from the
pure gas case for both membranes, but the observed CO,/N,
selectivity reduction is less dramatic. Therefore, both mem-
branes clearly retain the ability to achieve good CO, separa-
tion from N, in the presence of H,S.

Competitive sorption modeling of CO, permeability
under mixed gas conditions

To model the change in CO, permeability of both mem-
branes from the pure gas to mixed gas systems, the follow-
ing parameters need to be known: the Fickian diffusion coef-
ficient (Dpa), Henry’s Law constant (kpa), maximum Lang-
muir capacity(C'ya), and immobilization factor (F,) for
carbon dioxide; and the Langmuir coefficient (b) for all
gases (CO,, N,, and H,S).

We initially assumed that the Henry’s Law constant
(kpcoz), maximum Langmuir capacity (C'ycop), Langmuir
Coefficient (bcop) and the immobilization factor (Fcg,) for
CO, were all equal to the pure gas case. The Langmuir
Coefficient for N, (bnp) was also taken from the pure gas
case (Table 1). For 6FDA-TMPDA, values of the Fickian
diffusion coefficient (Dpco,) have been published as a func-
tion of CO, fugacity and these values were used directly.22
For polysulfone, we took a more approximate approach,
assuming that the average Fickian value can be approxi-
mated by the average thermodynamic value, which is deter-
mined from the pure gas permeability by:

Dprcor & PA% (15)

Initially, these parameters were incorporated into Eq. 12, and
this equation was fitted to the experimental data for the binary
N,-CO, system at 35°C. However, it was not possible to
obtain a good fit to the data, with results over-predicting the
CO, permeability. Specifically while our experimental results
showed a mixed gas permeability of 5.2 Barrer in polysulfone
and 400 Barrer in 6FDA-TMPDA, Eq. 12 gave values of 8.0
and 564 Barrer, respectively. This over prediction is believed
to be associated with the diffusivity component of perme-
ability rather than the solubility component, given that there is
a well established theory for mixed gas sorption in polymeric
films.'® The most significant source of uncertainty in the
diffusivity term is the immobilization factor, Fcop, which
accounts for the fraction of CO, immobilized within the
microvoids. Under mixed gas conditions, the presence of N,
and H,S may influence the degree of immobilization by
blocking diffusional pathways between micro-cavities. This
will not influence the diffusivity through the Henry’s law
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Table 3. Fco, under Mixed Gas Conditions for Polysulfone
and 6FDA-TMPDA at 35°C

COz—Nz COz-Nz-HzS
Polysulfone 0.25 + 0.01 0.22 + 0.01
6FDA-TMPDA 0.34 £+ 0.01 0.33 £+ 0.01

region of the polymer but will influence diffusivity through the
micro-cavities, leading to an overall lower value for measured
permeability. Hence to determine the change in immobiliza-
tion factor under mixed gas conditions, a least squares
minimization was used on Eqgs. 12 and 13 relative to the
experimental data.

The resulting CO, immobilization factors under N,-CO,
mixed gas conditions for both membranes are provided in
Table 3. For polysulfone, Fco, is reduced by almost 50% in
the mixed gas case compared with the pure gas case, while
for 6FDA-TMPDA a 40% reduction is observed. This indi-
cates that the fraction of CO, immobilized in the microvoids
has increased as a result of N, being present. This result is
interpreted by assuming that the large concentrations of N,
partially occupy the pathways between microvoids, restrict-
ing CO, transport through the membrane.

To evaluate the tertiary system CO,-N,-H,S, an estimate
of the Langmuir affinity for hydrogen sulfide (bys) is
required. To the best of the authors’ knowledge, there are no
reported values of this parameter for polymeric membranes
in the literature. Thus, we initially attempted a multivariate
regression analysis to determine both by,s and Fco, from
the experimental data. However, this created too many
degrees of freedom in the regression analysis, leading to
large error margins around both parameters. As an alterna-
tive, we estimated the by,s value from reported concentra-
tion isotherms of H,S in ethylcellulose and cellulose ace-
tate.’ Fitting the dual-sorption model (Eq. 1) to these iso-
therms gives a value of byps for ethylcelluose of 24
(—35°C) and 8.7 (0°C) and for cellulose acetate a value of
16.5 atm™! (0°C). Further, it has been shown that there is a
correlation between the Langmuir affinity of a gas for any
polymeric membrane and its critical temperature,30 a mea-
sure of a molecule’s condensability. Higher critical tempera-
ture corresponds to a greater affinity constant. This correla-
tion suggests values for by,s between 5 and 25 atm™! at
35°C (Tc 373.2 K30). In the present case, we assume a value
of byps = 15 & 10 atm ™.

These parameters were incorporated into Eq. 13 and this
equation was fitted to the experimental data using a least
squares minimization approach, with the variable the immo-
bilization factor, Fcg,, and the initial value that determined
for the N,-CO, gas mixture system (Table 3). To eliminate
the effect of plasticization at high H,S partial pressures, data
analysis was restricted to partial pressures below 0.6 kPa
H,S. The resulting immobilization factors under mixed gas
conditions with H,S present are provided in Table 3. For
6FDA-TMPDA, Fco, is only slightly reduced by 3% com-
pared to the CO,-N, system, which is within the error of the
measurement. This implies that no change in the immobiliza-
tion factor is required to account for H,S competitive sorp-
tion. Therefore, these low concentrations of H,S have little
influence on CO, diffusion through 6FDA-TMPDA. For pol-
ysulfone, a reduction of 12% is observed, indicating a slight
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decrease in the diffusion rate of CO, through the microvoid
region in this case. The difference between the two polymers
is attributed to the different morphology, with 6FDA-
TMPDA having a greater fractional free volume compared
with polysulfone, as indicated by the larger maximum Lang-
muir coefficient.

Conclusion

Polysulfone and 6FDA-TMPDA membranes have reduced
CO, separation performance due to the presence of trace
amounts of H,S in the feed gas, for all pressures and temper-
atures studied. The loss of both permeability and selectivity
arises from competitive sorption of H,S within the micro-
voids. At higher pressures and lower temperatures, H,S also
appears to induce plasticization, further altering the separa-
tion performance. Modeling of the multi-gas competitive
sorption system indicated that the loss in performance could
not be accounted for simply through the introduction of
additional Langmuir sorption. Rather, competitive sorption
appeared to also lead to further immobilization of carbon
dioxide within the microvoids. Hence, future research is
required to independently evaluate the immobilization factor
for individual gases in multi-gas membrane systems.
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