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ABSTRACT

The rapid advancement of membrane gas separation processes has spurred the development of new and more
efficient membrane materials, including polymers of intrinsic microporosity. The full exploitation of such ma-
terials requires thorough understanding of their transport properties, which in turn necessitates the use of
powerful and reliable characterization methods. Most methods focus on the permeability, diffusivity and solu-
bility of single gases or only the permeability of mixed gases, while studies reporting the diffusion and solubility
of gas mixtures are extremely rare. In this paper we report the use of a mass-spectrometric residual gas analyser
to follow the transient phase of mixed gas transport through a benzotriptycene-based ultrapermeable polymer of
intrinsic microporosity (PIM-DTFM-BTrip) and a polydimethylsiloxane (PDMS) membrane for comparison, via
the continuous online analysis of the permeate. Computational analysis of the entire permeation curve allows the
calculation of the mixed gas diffusion coefficients for all individual gases present in the mixture and the iden-
tification of non-Fickian diffusion or other anomalous behaviour. The mixed gas transport parameters were
analysed by three different approaches (integral, differential and pulse signal), and compared with the results of
the ‘classical’ time lag method for single gases. PDMS shows very similar results in all cases, while the transport
inthe PIM gives different results depending on the specific method and instrument used. This comparative study
provides deep insight into the strengths and limitations of the different instruments and data elaboration
methods to characterize the transport in rubbery and high free volume glassy membranes with fundamentally
different properties and will be of help in the development of novel membrane materials.

1. Introduction

configuration for that specific separation [13], and this, in turn, requires
precise knowledge of their transport properties.

In avariety of industrial gas separation processes, such as oxygen
enrichment or pure nitrogen production from air (O,/Ny) [1], hydrogen
separation from ammoniatail gas (H2/N,) [2,3], natural gas sweetening
(CO,/CH,) [4,5], membrane-based gas separation processes are a
consolidated technology [6,7]. It is emerging or under study for other
separations, such as biogas upgrading (CO,/CHy) [8,9] or carbon cap-

ture from flue gas (CO2/N,) [10-12]. The successful introduction of new
applications requires the best possible materials and process
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1.1. Gas transport in dense membranes

Itis well-known that the transport of gases in dense membranes takes
place according to the so-called Solution-Diffusion mechanism [14,15],
in which the gas is first absorbed in the membrane at the high-pressure
side, to then diffuse across the membrane in the direction of decreasing
concentration gradient, and finally desorb at the downstream side. In the
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simplest and most commonly used description, the gas solubility is
constant and the equilibrium concentration follows Henry’s law:

c=pxS 1)

where c is the gas concentration in the membrane in equilibrium
with the feed gas, p is the feed pressure (or partial pressure of the gas)
and S is the gas solubility coefficient. The gas diffusion coefficient, D,

follows Fick’s first and second law, defining the diffusion flow rate, J, in
one dimension as:

- de
J=—DxA" @)
dc d*c

at=0* g @)

where dc/dx is the concentration gradient across the membrane, dc/dt
its change in time, and A is the area of the membrane. Eq. (2) and Eqg. (3)
are completely true only when D is not a function of the concentration in
the membrane, and the simplest theories used to describe the transport
and to calculate the permeability, solubility and diffusion coefficients of
the gases, rely on a series of assumptions such as a constant, concen-
tration- and time-independent D and S. In this model and with these
assumptions, the permeability, P, can be calculated as:

P=DX%XS (4)

Most studies on the transport properties of new membranes rely on
conceptually simple measurements, often only concerning single gases
that give, at best, an approximation of the membrane performance in
their final application. In practice, for many materials the situation is
much more complex, and S and D are either not constant with time or
pressure or they depend on the presence of other gas species in the
mixture. Therefore, itis useful to analyse the behaviour of amembrane
under different conditions and assess how much it differs from ideality.
Such studies require a careful experimental investigation of the process
with the most suitable methods. With that in mind, the present manu-
script will discuss the advantages and limitations of the different
methods for the analysis of the gas transport properties of membranes,
discussing several advanced measurement techniques and data elabo-
ration methods, with the aim of providing a deeper insight into the
transport properties of novel membrane materials. We will describe the
transport in two very different polymers: the rubbery poly-
dimethylsiloxane (PDMS), and the glassy ultrapermeable polymer of
intrinsic microporosity PIM-DTFM-BTrip [16] (Fig. 1).

PDMS is a benchmark polymer for gas separation applications, and at
room temperature, it is far above its crystalline melting point, soitisin
itsamorphous rubbery thermodynamic equilibrium state. Instead, PIM-
DTFM-BTripisanamorphous glassy polymerinathermodynamic non-
equilibrium state, far below its glass transition temperature, which is
usually above the degradation temperature for PIMs [17]. PIM-
DTFM-BTripcontributedtothedefinition ofthelatest CO,/CH,and

PIM-DTFM-BTrip

Fig. 1. Polymers used in the present work.

CO,/N, upper bounds [16] due its particular 2D chain structure [18]
and high rigidity [19]. The latter is common for PIMs [20] and, in
combination with the contorted backbone structure, prevents the effi-
cient packing of the polymer chains in the solid state, providing a large
fractional free volume [21,22], which typically results in high perme-
ability and high selectivity. This combination makes PIMs responsible
for all the main shifts in the Robeson Upper bounds since 2008 [16,
23-25]. The fluorinated groups in PIM-DTFM-BTrip are likely to
decrease the cohesive forces in the polymer matrix, reducing its ten-
dency to undergo physical aging, a feature that makes glassy per-
fluoropolymers rather unique, because they tend to age less rapidly [26]
compared to other high free volume polymers such as poly(trime-
thylsilylpropyne) PTMSP [27]. At the same time, their high hydropho-
bicity is expected to make the permeability less influenced by the
humidity in the gas stream [28] and its fluorinated nature provides
unique sorption properties [29]. PIMs are furthermore known to be
sensitivetopressure andtomixed gas composition[24], the feature that
makes them most interesting for this comparative study.

1.2. Methods for the analysis of transport parameters

The most straightforward methods employed to analyse the transport
properties in membranes, measure directly the gas permeation rate in
eitheradead-endcell,inthe case of pure gasesorvapours, orinacross-
flow cell for mixtures [30]. The permeate flow rate can be measured
directly, with a bubble flow meter or more sophisticated electronic flow
meters, or indirectly, via the concentration in a sweeping or carrier gas
with known flow rate [31]. In a fixed volume setup, it is calculated from
the pressure increase rate of the permeate volume. The gas solubility can
be determined directly via gravimetric or volumetric sorption mea-
surements, evenincomplex systems [32], and the diffusion coefficient,
i.e. the transport diffusivity of permeating gases, can be assessed under
transient conditions from either sorption kinetics [33] or permeation
kinetics measurements, the latter typically via the so-called time lag
method. Other methods include more complex analysis, such as NMR
spectroscopy [34,35] or molecular modelling approaches [36,37]. While
well-calibrated instruments should be able to provide the same results,
this is often not the case because of the materials properties and the
measurement principle used or because of the operational conditions
[38,39].

The time lag method for the analysis of the diffusion coefficient in
polymer films was first reported about a century ago by Daynes [40].
Since then, it became by far the most commonly used technique for the
analysis of gas transport parameters in polymers and in porous materials
[41]. Its use has been extended to the quantification of hydrogen
diffusion in metals [42] or even to salt diffusion in liquid phase mem-
branes [43] with the latter using not only the downstream concentration
but also the upstream concentration [44]. In its simplest form, the
method consists in the measurement of the total amount of gas in the
permeate, usually determined as the pressure in a fixed permeate vol-
ume. The method showed some limitations, related to the effect of the
instrument itself on the gas transport [45-47], in combination with
non-ideal properties of the materials [48]. This might require minor
adjustments in the calculations, but these are usually only important in
some extreme cases and they did not prevent this method becoming one
of the most widely used techniques.

One of the most important limitations of the classical time lag
technique is that the measurement of pressure allows the analysis of a
single species only. It is much more difficult to determine the transient
behaviour and to obtain information on diffusion and solubility of gas
mixtures, because the most commonly used gas chromatographic anal-
ysis of the permeate composition is too slow to follow the transient
phase of permeation. Thermal conductivity detectors can be used to
follow changes in the permeate (sweep gas® permeate) continuously
[31], but they are unable to analyse the composition of complex mix-
tures, for which a combination with for instance gas chromatography
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(GC) is needed. Several methods have been reported, based on sorption
measurements [49-52], on permeation measurements with selective
condensation of the least volatile component [53,54], on computer
simulations [55,56] or on alternative technigues such as NMR spec-
troscopy [35]. Many of these suffer from complex experimental pro-
cedures or data elaboration methods. Various studies have proposed
online mass spectrometry to measure the permeation transient in per-
vaporation [57,58] or gas permeation [59-61]. This requires a more
sophisticated instrumentation (mass spectrometer), but it facilitates the

measurement procedure. Inspired by this earlier work, we designed a
gas permeability setup with fast online analysis of the permeate
composition in a standard cross-flow cell via mass spectrometry [62],
and we further optimized this method for the determination of the
mixed gas diffusion coefficients [63,64], that is also suitable for highly
permeable polymeric membranes with a fast transient, unlike much
slower GC analysis. The method determines the time lag by the
tangent-method in a plot of the cumulative permeate volume versus
time, measured via online analysis of the gas composition in the
permeate by mass spectroscopy, followed by integration of the con-
centration over time to yield the total amount of permeate. The time lag
must be corrected for the instrumental delay, namely the time lag
determined from the response of the system when exposing an
aluminium disk with pinhole to the gas, or when extrapolating the time
lag of membranes with different thicknesses to zero thickness. We
assumed that the instrumental time lag corresponded to average resi-
dencetime ofthe gasinthe system withoutmembrane. Theresponse of
the system was found to be slightly slower at higher pressure, because of
the need to pressurize the feed line with the gas [64]. For a somewhat
analogous situation, where the Knudsen diffusion of the gas from the
membrane to the analyser causes an additional delay, Kruczek et al.
showedthatthe correctionfactor should not be equal tothetimelag due
to the Knudsen diffusion, but slightly smaller [45]. For the flow of a gas
pulse in a cylindrical tube, Evans and Kenney discussed that the average
residence time of a species flowing in alaminar flow corresponds to the
peak maximum at a distance from the injection point [65], analogous to
what Tailor described for liquid flow [66]. This suggests that the time
lagofthemembrane-lesssystemisindeednotthebestcorrectionforthe
instrumental delay, as we have assumed previously [63], because it
slightly deviatesfromthe averageresidencetime. Fordiffusionindense
membranes, Beckmann et al. have discussed the comparison between
the classical pressure increase curve with its derivative, corresponding
to the typical permeate concentration curve or flow rate curve after a
step change in a cross-flow cell, and with its second derivative, corre-
sponding to the signal after a pulse change in the feed concentration [67,
68] (see Section 5).

Recently we have shown that we can also determine the permeation
time lag directly from the measured permeate flow rate as a function of
time, i.e. from the original signal, which is the mathematical derivative
of the time lag curve [69]. The inflection point in this sigmoidal curve
corresponds to the peak in the pulse signal, and the inflection point of
the signal in a membrane-free test run can be used for the correction of
the instrumental lag time.

In this work, that aims to develop even more versatile and powerful
methods to characterize the transport properties of membrane materials
for gas separation, we compared each of the above methods to measure
mixed gas permeation and diffusion, via the integral or time lag curve,
the derivative curve, and the pulse curve, using two fundamentally
different materials. Being glassy polymers with high free volume, PIMs
are known for their deviation from simple Fickian diffusion and for their
pressure- and composition-dependent transport properties. PDMS will
therefore be used for the method setup and for comparison as a well-
defined benchmark membrane material, while PIM-DTFM-BTrip is
used for validation and analysis of the sensitivity and the strengths and
limits of the methods.

2. Experimental
2.1. Materials and membrane preparation

Adense PDMS membrane was prepared from a two-component resin
(SYLGARD® 184, Dow Corning Midland). The prepolymer and cross-
linker were mixed in the ratio 10:1 according to the instructions of the
supplier, and the resin was cured at room temperature over the weekend
in a Teflon Petri dish. The final membrane thickness resulted 1056 % 23
um, measured with a Mitutoyo model IP65 digital micrometer as an
average of 10 points. The exposed area inside the footprint of the sealing
ring was 13.84 cm? for both the pure and mixed gas permeability
measurements.

An aluminium sample with a pinhole was prepared by puncturing a
50 pum thick aluminium disk (@ 47 mm) with the extremity of a syringe
needle, to leave an imperceptible pinhole that is only visible by the
naked eye in backlight and that exhibits a nitrogen flow rate of 0.92
cm3stp min—t at 1 bar. This is in a similar range as the CO, permeability
of the most permeable membranes, and thus it allows the use of the same
calibration data.

The PIM used in this study was PIM-DTFEM-BTrip (Fig. 1) and its
preparation was described previously [16]. The membrane was pre-
pared by solution casting from quinoline, solvent evaporation, and
subsequent treatment with methanol to remove the residual solvent and
reset the sample history. The sample was masked with aluminium ad-
hesive tape to reduce its active area to 0.785 cm? and the average
thickness in this area was 11246 pm. A long-term 1380 days aged
sample, with well-known physical-chemical properties and ageing his-

tory [16], was used to guarantee maximum stability of the sample
during the measurement campaign.

2.2. Gas permeation measurements

Pure gas (fixed volume instrument) and mixed gas (fixed pressure
instrument) permeation measurements were carried out with setups
already described previously [63], and the detailed description of the
standard experimental procedures are reported in the supporting in-
formation. The unique feature of the mixed gas permeation setup is that
the gas composition is analysed continuously by means of a mass spec-
trometric residual gas analyser, which allows the simultaneous deter-
mination of multiple gas species in a mixture.

The nonstandard pulse measurements, with a short exposure of the
membrane to the gas or gas mixture, were carried out flushing the feed
side with a dilute certified mixture, containing 3% CO, and 3% CH, in
argon, instead of pure argon before the measurement. This moderately
increases the baseline signal for CH, and CO, and allows a higher
measurement frequency and more accurate analysis. The feed streamis
then substituted by the gas of interest by setting directly its flow rate at
the maximum of 500 cm® min—! with the mass flow controller, rather
than switching the six-way valve as seen in the differential method.
Thus, at fixed moments, the membrane is exposed to pulses of the gas of
interest for 1s, 2s, 4s, 6s, 8s and 10s at a flow rate of 500 cm® min*. The
use of the MFCs for the pulse control causes a slightly slower response of
the system, compared to the manual switching of the six-way valve, but
it can be controlled entirely by the Flowplot software. This procedure is
repeated for at least three different pressures, both for the membrane
samples and for the control sample with pinhole. The raw MS signal is
then elaborated by the procedure reported previously [63] to calculate
the volumetric permeate flow rate at STP conditions.

2.2.1. Data elaboration

The fixed volume instrument provides the data of the permeate
pressure (in mbar with 4 decimals) and the feed pressure as a function of
time and these are elaborated as such [63]. The raw MS measurement
signal (gas partial pressure in Torr as a function of time) is elaborated by
the procedure reported by Fraga et al. [63], using argon as the internal
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standard to calculate the volumetric permeate flow rate (in STP) as a
function of time as the basis for further elaborations. The background
signal of the MS residual gas analyser is subtracted before calculation of
the flow rates.

The experimental data are fitted with the appropriate equations
described in Annex 1, namely: Eq. (A1) for the permeation curves ob-
tained in the fixed volume setup; Eq. (A5) for the cumulative permeate
volume obtained in the fixed pressure setup or after integration of the
differential signal, as described in detail by Fraga et al. [63]; Eq. (A10)
for the sigmoidal (derivative) curve obtained after calculation of the
permeate flow rate from the raw MS data; and Eq. (All) for the
experimental data obtained via the pulse method. The fitting was per-
formed using least square method and the Excel nonlinear Generalized
Reduced Gradient (GRG) solver algorithm, after expansion of the Tailor
series into 25 terms. The GRG algorithm finds local optimal solutions,
which means that the final solution could depend on the guessed starting
points, and this is generally recognized by the poor visual fit of the
experimental data. For this reason, for all the fitting procedures the
initial starting points in the minimization procedure of D and S were set
close to the values obtained by the tangent method, and only if this did
not lead to a satisfactory fit, the starting values were adjusted manually.
The terms related to starting permeate pressures and instrumental leak
flow rate were set to zero since they were found to be negligible for the
tested membranes in these testing conditions.

3. Results and discussion
3.1. Gas transport measured by the fixed volume setup

The fixed volume setup is the instrument with the fastest response.
The aluminium film with pinhole reaches steady state permeation
within a second (Figure SI2) and extrapolation of the steady-state
pressure increase curves yields an instrumental time lag of 0.08 %
0.02 s, independent of the gas type, feed pressure and permeate volume.
This extremely fast response confirms that there is no significant
contribution of the instrument itself to the time lag, and therefore no
corrections related to the transport of the gas in the downstream side are
needed [46,47]. This very short instrumental time lag is indeed negli-
gible compared to the time lag of the same gases in the majority of thick
dense polymeric membranes, with exception of extremely fast-diffusing
gases such as He and H, in very thin membranes or in highly permeable
polymers, such as PIMs. Details are given in the supplementary
information.

3.1.1. Tangent method: PDMS vs PIM-DTFM-BTrip

The original permeation curves of H,, He, O,, Np, CH,s and CO; in
PDMS and PIM-DTFM-BTrip are displayed in Fig. 2. The curves do not
show any perceptible anomalies in both materials, and the initial pres-
sure and the initial slope are completely negligible, excluding the
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Fig. 2. Time lag curves of Hz, He (A), Oz and CO: (B), and N2, CHa4 (C) in PDMS and Hz, He (D), Oz and CO: (E), and N2, CH4 (F) in PIM-DTFM-BTrip. The
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presence of significant leaks in the membranes or in the system. The time
lag was determined by the tangent method, fitting a straight line
through the curve in the linear part from approximately 5x the value of
the eventual time lag to the end of the measurement. The time lag in the
PDMS film falls in the range of 25-35 s for He and H,, and 100-150 s for
the other gases, O,, N, CH4 and CO.,. The differences with the PIM are
much larger and the permeation curves show immediately some quali-
tatively interesting features. The time lag of O, is much shorter than that
of CO,, due to faster diffusion, but the permeability of CO, is higher, and
thus the final slope of CO; is steeper. Instead, N, and CH, have virtually
the same permeability (and thus final slope), but the diffusion in CH, is
significantly slower. The time lag of He and H, is much shorter than that
of all other gases.

Table 1

The guantitative data for P, D and S are listed in Table 2 and Table 3
for PDMS and PIM-DTFM-BTrip, respectively. This large difference in
the diffusion coefficients of the six gases in PIM-DTFM-BTrip, confirms
its high size selectivity compared to PDMS, and this is due to its highly
rigid glassy nature [20]. The perfectly linear pressure-increase rate in
steady state and the qualitative shape of the curves give indications of
evident anomalies in the transport in both materials related, for
instance, to a downstream pressure accumulation for materials with
strongly non-linear sorption isotherms [48], as observed previously for
Amine-PIM-1 [70,71]. The enormous difference in size-selectivity be-
tween PDMS and PIM-DTFM-BTrip is shown by the very steep correla-
tion between the diffusion coefficient and the effective diameter of the
gas in the PIM (Figure SI3).

Results of the least squares fit of the average instrumental residence time of CO2 and CHa as a function of the feed pressure and the pulse time.

Gas Equation Standard deviation® (s)
CO2 Toeak,coz = 11.27 + 0.761 % toyse + 0.730 X pr Eq. 10 0.250
CHq Tpeak,cHa = 10.96 + 0.503 X toyise + 0.805 % pr Eq. 11 0.426
@ Standard deviation of all absolute errors in Fig. 6.
Table 2
Transport properties P, D and S with the corresponding selectivities Pa/Pp, Da/Db, Sa/Sy for PDMS.

Pa [Barrer = 10 cm® grp cm cm™2s ™ cmHg ™Y Selectivity ap (Pa/Pb)

N2 02 CO. CHa H2 He H2/N2 CO2/N2 O2/N2 CO2/CHa
Fixed Vol. Tangent 235 501 2628 747 508 273 2.16 11.2 2.14 3.52
Fixed V Complete fit 235 499 2632 747 509 274 2.16 11.2 2.14 3.52
Variable Vol. Tangent 2802 955 29
(mixed gas) (2815) (894) (3.1)
Complete fit tangent 3028 894 3.4
(mixed gas) (2271) (1051) (2.2)
Complete fit sigmoidal 3028 894 3.4
(mixed gas) (2275) (1051) 2.2)

Da[107 2 m?%s™Y Selectivity ap (Da/Db)

N2 02 CO2 CH4 Hz He H2/N2 CO2/N2 02/N2 Z02/CHa
Fixed Vol. Tangent 1461 1777 1441 1274 5050 6889 3.46 0.99 1.22 1.13
Fixed V Complete fit 1469 1784 1423 1260 5107 6954 3.48 0.97 1.21 1.13
Variable Vol. Tangent 1652 1391 1.19
(mixed gas) (1516) (1671) (0.91)
Complete fit tangent 1429 1290 1.11
(mixed gas) (1396) (1443) (0.97)
Complete fit sigmoidal 1432 1293 111
(mixed gas) (1399) (1428) (0.98)
Pulse method 1393 % 31 1279 £ 80 1.08
(mixed gas) (1422 * 68) (1282 % 39) (1.11)

Sa [cm® cm™ bar™Y] Selectivity as (Sa/Sh)

N2 (73 CO2 CHa H2 He H2/N2 C02/N2 O2/N2 Z02/CHa
Fixed Vol. Tangent 0.12 0.21 1.37 0.44 0.08 0.03 0.66 11.4 1.75 3.11
Fixed V Complete fit 0.12 0.21 1.39 0.44 0.07 0.03 0.58 11.6 1.75 3.16
Variable Vol. Tangent 1.27 0.51 2.49
(mixed gas) (1.39) (0.40) 3.47)
Complete fit tangent 1.59 0.52 3.06
(mixed gas) (1.22) (0.55) 2.22)
Complete fit sigmoidal 1.58 0.52 3.04
(mixed gas) (1.22) (0.55) 2.22)
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Table 3

Transport properties P, D and S with the corresponding selectivities Pa/Pb, Da/Db, Sa/Sp for PIM-DTFM-BTrip.

2

Age”) Pa [Barrer = 10 cm®s7p cm cm ™2 s cmHg Y Selectivity ap (Pa/Pb)

(days) Na O co, CHa Ha He H2/N2 CO2/N2 O2/N2 CO2/CHa
Fixed Vol. Tangent 274 729 3048 14376 719 9654 4483 13.2 19.7 4.18 20.0
Fixed V Complete fit 274 728 3097 14497 722 9648 4531 13.2 19.9 4.28 20.1
Variable Vol. Tangent 1384 18049 1141 15.1
(mixed gas) (19297) (1167) (16.5)
Complete fit tangent 1384 17854 1120 15.9
(mixed gas) (18673) (1220) (15.3)
Complete fit sigmoidal 1384 17940 1115 16.1
(mixed gas) (18601) (1214) (15.3)

Age? Da[1072 m2s—1 Select ity ap (Da/D v)

(days) N2 02 CO2 CHs Hz He H2/N2 CO2/N2 O2/N2 CO2/CHa
Fixed Vol. Tangent 274 114 474 171 32.1 8635 9465 75.7 1.50 4.16 5.33
Fixed V Complete fit 274 125 488 179 34.2 9078 12210 72.6 1.43 3.90 5.23
Variable Vol. Tangent (mixed gas) 1384 92.7 54.5 1.70
(mixed gas) (170) (55.0) (3.09)
Complete fit tangent (mixed gas) 1384 94.9 58.6 1.61
(mixed gas) (193) (58.4) (3.30)
Complete fit sigmoidal (mixed gas) 1384 91.5 62.2 1.47
(mixed gas) (193) (60.2) (3.20)
Pulse method (mixed gas) 1384 170 £ 18 57%*9 2.98
(mixed gas) (226 * 61) (66 £ 4) (3.43)

Age” Safen 3stp em ™ bar ™Y Select ity s (Sa/Ss )

(days) N2 Oz CO2 CHs H2 He H2/N2 CO2/N2 0O2/N2 CO2/CHa4
Fixed Vol. Tangent 274 4.80 4.82 63.2 16.8 0.84 0.36 0.17 13.2 1.00 3.76
Fixed V Complete fit 274 4.36 4.75 60.6 15.8 0.79 0.27 0.18 13.9 1.09 3.83
Variable Vol. Tangent (mixed gas) 1384 167 18.8 8.88
(mixed gas) (84.7) (15.6) (5.43)
Complete fit tangent (mixed gas) 1384 141 14.3 9.86
(mixed gas) (88.8) (15.6) (5.69)
Complete fit sigmoidal (mixed gas) 1384 147 13.4 10.9
(mixed gas) (72.4) (15.1) (4.79)

3 Membrane age after MeOH treatment, plus up to 5 days after the indicated age to complete the measurement cycle.

3.1.2. Complete curve fit

The least squares fit of the permeation curve of CO, and CH, with Eq.
(A1) by the procedure reported in section 2.2.1 is shown in Fig. 3A,D.
The thin lines show the extrapolated curve when fitting only part of the
transient zone up to the indicated time, and the calculated values of P, D,
and S are plotted in Fig. 3B,C, E,F. Although the fitting procedure can be
much more complex [72], these results highlight the advantage of the
fitting procedure compared to the tangent method. The PDMS curves
already converge when the data are fitted only until & 20, i.e. long
before pseudo-steady state is reached, whereas for the tangent method
the permeability and time lag are usually determined by extrapolation of
the data in the interval from t 30 to t 10@. Interestingly, for the PIM-
DTFM-BTrip membrane the curves and the resulting values of P
converge only after t50, while the values of D and S keep changing
slightly until t 106. This suggests anomalous behaviour for the PIM,
for instance due to a nonlinear sorption isotherm [48] and/or non-
Fickian diffusion, which are both very common in PIMs [73,74].

The residual error between the experimental data and the fit of the
entire experimental curve (see Figure SI4A,C) shows very good agree-
ment for PDMS, with less than 0.01 mbar spread for CO, and 0.02 mbar
for CH4, during the entire measurement time interval. Nevertheless, the
weakly undulating trend in especially CH, is a systematic deviation
shows that Eq. (A1) cannot fit the data precisely. Very close examination
of the permeation curve (quantitative data not shown here) reveals that
this is because the slope of the curve slightly decreases after 700 s for

CHj,. The situation is significantly different for the PIM. In spite of the
apparently smooth determination of the time lag by the tangent method,
the integral fit of permeation curve with Eq. (A1) shows a marked trend
in the residual errors for both CO, and CH4 in PIM-DTFM-BTrip
(Figure S14B,D). Eq. (A1) cannot describe the experimental perme-
ation curve accurately andthefitunderestimates the experimental data
in the initial part of the curve, because the transient is broader than
expected. This is generally due to pressure-dependence of the solubility
and/or the diffusion coefficient and it highlights the main advantage of
the fitting procedure. It pinpoints features that the tangent method does
not reveal, and thus provides much deeper insight into the transport
phenomena.

The pressure dependence of the transport parameters, in turn, is a
result of the dual mode sorption behaviour. Not only solubility is pres-

sure dependent, but also the diffusion of molecules in Henry’s and
Langmuir sites is believed to be different [33]. Especially in the case of

strong interactions, the gas molecules in Langmuir sites may be partly
immobilised [70,71] and the transport in PIMs or high free volume
polymers in general may be even more complex than that in common
glassy polymers due to possible surface diffusion [20,75]. Therefore, the
traditional time lag method evaluates the transport as effective values of
P, D and S, which may deviate significantly from the real behaviour and
is a strong limitation of this method, in spite of its simplicity.
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Fig. 3. Least squares fit of the experimental permeation curve of pure CO2 at a feed pressure of 1 barin a 1056 um PDMS membrane (A) and a 112 um PIM-DTFM-
BTrip membrane (D) according to Eq. (A1). The thick green line indicates the closely spaced experimental points and the thin lines show the extrapolated curves upon
a partial fit of the experimental data until the indicated time. The quantitative values of P, D, and S for CO2 and CHg for the partial fit are plotted as a function of the
total fit interval for PDMS until t = 60.. (B C) and for PIM-DTFM-BTrip until t = 100.. (E,F). 0. is the time lag obtained when the entire curve is fitted. Lines are
plotted as a guide to the eye. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3.2. Gas transport measured by the variable volume setup

3.2.1. Differential and integral method

The fundamental difference between the variable volume setup and
the fixed-volume setup, is the additional delay due to the average resi-
dence time of the gas in the tubes, the valves, the membrane cell and the
gas analyser itself, before being recorded by the analyser. This time
depends on the total dead volume of the system, and on the flow rate and
the pressure in the system, as shown in our previous work. We quantified
this delay by two independent methods, in the first with a set of mem-
branes of different thickness and subsequent extrapolating to zero
thickness, and in the second with an aluminium disk with a pinhole that
provided a negligible time lag. We corrected for this time by subtracting

the instrumental time lag 0o from the actual experimental time lag tr_
[63].

IZ
eMem = 5 =tn—00 (5)

This correction, and subsequent calculation of the diffusion coeffi-
cient from the difference between the two times, assumes that the time

lag of the membrane-less system corresponds to the average residence
time of a gas in the system. Kruczek et al. proposed an analytical solution
for a similar situation, where additional delay in a fixed-volume setup is
caused by Knudsen diffusion in the tube between the membrane and the
measurement point [45]. However, they showed that the calculation of
the diffusion coefficient should not simply be based on the difference of
the effective time lag and the time lag of the instrument, and the
correction factor should not be equal to the time lag due to the Knudsen
diffusion, but slightly smaller [45]. Indeed, in his original work on the
response of a chromatographic system to a pulse injection, Tailor
confirmed that the peak maximum corresponds to the average residence
time of the solute in the system, which corresponds to a shorter time
than the time lag [66]. Thus, the average residence time corresponds to
the maximum in the curve in Figure A1C, which coincides with the in-
flection point in Figure A1B.

Inthis work, the system’s response was determined by measuring the
CO; and CH, flow rate through an aluminium disk with a pinhole,
immediately after switching from argon purge gas to the feed gas. The
resulting sigmoidal differential signal was used as such, without inte-
gration. This signal shows a very abrupt step in the permeate
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concentration (Figure SI5) and to be fitted correctly with a similar
equation as Eq. (A10), an additional lag time, t,, needs to be introduced.

(D)
In the absence of leak flows or baseline signal, i.e. when d—‘ég 0,STP =0,
the permeate flow rate is described by the following equatlor*)
dV; stp D ( Z n D-n?-m?- (t (6)
=A-pi-S- - 1+2 —1) exp —
@=APeSy St 2

The numerical values of the fit results are given in the supporting
information (Table SI1). The data for CO, and CH, are very similar, and
also the data of the pure gases and the mixtures. The average of the four
measurements gives the inflection point tne 20.1#2.1 s. Using the
above correction of the instrumental inflection point, we are able to
evaluate the transport parameters of the PDMS membrane and the PIM-
DTFM-BTrip membrane directly from the differential signal with a 35/
65 vol% CO,/CH,4 mixture and with the pure gases at 1 bar(a) total feed
pressure. The measurement was carried out as in our previous work,
switching from argon purge gas to the feed gas with the 6-way valve. The
normalized results are plotted in Fig. 4, where each gas is normalized for
its steady state flow rate for immediate comparison of the curve shape,
and thus the diffusion behaviour. The permeation kinetics of CO; as a
pure gas and as a mixture of 35 vol% CO, in methane are identical in the
PDMS film, and Eq. (A10) fits the data perfectly, without any perceptible
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difference between the two fits (Fig. 4A). Analogously, Eq. (A10) fits the
CH, data very well in PDMS, but in this case the mixed gas CH, curve
slightly anticipates the pure gas curve, which means that CH, diffusion is
slightly faster in the mixture (Fig. 4B). This situation is remarkably
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the mlxture than with the pure gas. More importantly, Eq. (A10) fails to

fit the CH, data and to a lesser extent also the CO, experimental data
(Fig. 4C and D). Thus, the fit parameters provide accurate transport
parameters P, D and S of CO, and CH,4 in PDMS but they give at best a
rough estimation in PIM-DTFM-BTrip, i.e. the effective averaged values
under the given experimental conditions. The numerical values of the
transport parameters are summarized in Tables 2 and 3. The funda-
mentally different behaviour of PDMS and the PIM can be associated to
the time scale needed for the polymer segment rearrangement, which is
fast in PDMS and slow in the superglassy PIM, even slower with respect
to glassy polycarbonates [76] where the more condensable permeant, i.
e. CO,, acts as dilating agent enhancing the diffusivity of bulkier mol-
ecules, i.e. CH4 [77,78].

One of the reasons for the poor fit of the PIM permeation curve is the
nonlinear sorption and the deviation from simple Fickian diffusion in the
PIM. Therefore, the transient is very broad and it takes a relatively long
time to reach steady state, as discussed above in relation to Fig. 3. The
second reason is that the diffusion in the PIM is so fast that the transient
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Fig. 4. Comparison of the normalized pure and mixed CO2 permeation curves by the differential method in (A) PDMS and (C) PIM-DTFM-BTrip, and pure and mixed
CHa permeation curvesin (B) PDMS and (D) PIM-DTFM-BTrip. Feed pressure 1 bar(a) of pure gases or of a 35/65 vol% CO2/CH4 mixture. Filled symbols for the pure
gases and empty symbols for the mixed gases. The continuous and dashed lines represent the least squares fit of the experimental data with Eq. (A10) for pure and
mixed gases, respectively. Note the different time scale only for CO2 permeation in PIM-DTFM-BTrip. The PDMS curves are horizontally shifted for 20.1 s to correct
for the instrumental lag time, using the average time to reach the inflection point during permeation of the same gases in an aluminium disk with pinhole (Table SI1).
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Fig. 5. Comparison of the pure and mixed CO2 permeation curves by the integral method in (A) PDMS and (C) PIM-DTFM-BTrip, and pure and mixed CH4
permeation curvesin (B) PDMS and (D) PIM-DTFM-BTrip. Feed pressure 1 bar(a) of pure gases or of a 35/65 vol% CO2/CHa mixture. Filled symbols for the pure gases
and empty symbols for the mixed gases. The continuous and dashed lines represent the least squares fit of the experimental data with Eq. (A5) for pure and mixed
gases, respectively. Note the different time scale only for CO2 permeation in PIM-DTFM-BTrip. The PDMS curves are horizontally shifted for 20.1 s to correct for the
instrumental lag time, using the average time to reach the inflection point during permeation of the same gases in an aluminium disk with pinhole (Table SI1).

phase is significantly broadened by instrumental factors. This is at the
sametime aweakness and a strength of this method, because it makes
quantitative determination of the transient phenomena (and thus the
diffusion coefficient and the solubility) difficult, but its extreme sensi-
tivity makes this method very effective for the recognition of anomalies
inthe transport phenomena. It must be noted that this strong deviation
from the ideal behaviour is not easily detected when only the tangent
method is used, as seen in section 3.1.1, and in the majority of the
studiesreportedintheliterature. Indeed, Fig. 5showsthe integral of the
signalsinFig. 4, whichtake theformofclassicaltimelagcurvesbecause
they show the total amount of permeate gas as a function of time with
the difference, compared to the classical time lag measurements in a
fixed volume setup, that it can simultaneously analyse different com-
ponents in gas mixture. Also in this case, the fit of the curves with Eq.
(A5) is nearly perfect for PDMS and shows deviations for the PIM, but
these deviations seem much less significant than those in Fig. 4.

The integral method also allows the determination of the mixed gas
diffusion coefficient, by calculation of the time lag from the tangent to
the steady state volume increase curve and after subtraction of the
instrumental time lag [63]. The numerical values of the transport pa-
rameters obtained by the fit of the complete curve and obtained by the
tangent method are summarized in Tables 2 and 3.

3.2.2. Pulse method

3.2.2.1. Method development, instrumental delay time with pinhole. The
instrumental residence time is calculated as the maximum in the signal
for an aluminium disc with the pinhole after a short pulse with the gas of
interest. Ideally, the pulse should be infinitely short, and thus very high
to get a reasonably strong signal but, in our setup, the height is limited
by the feed pressure, and very short pulses may therefore produce too
weak signals. Therefore, some optimization was needed and the
instrumental delay was studied with pulses of variable duration, and the
experiments were carried out at different pressures. Examples of the
response curves of CO, and CH, are given in Figure SI6 and Figure SI7,
respectively. For a given volumetric flow rate, the size of the peak in-
creases with pressure and with pulse duration, because of the longer
exposure and the larger amount of gas permeating through the pinhole
at a higher driving force. While the onset of permeation is relatively
constant, also the time of the peak maximum increases both with the
feed pressure and with the pulse duration. A plot of the time of the peak
maximum as a function of the pulse duration and the pressure is shown
in Fig. 6, showing a linear dependence of the peak time on the pressure
and on the pulse duration. Indeed, it should be expected that the
response of the pulse signal on changes in the feed gas stream depends
on the average residence time of the gas in the system and should be
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values, especially for COz.

directly related to the volumetric flow rate and the volume of the system.
According to Tailor, the average residence time corresponds to the peak
maximum [66], and thus:

Vugstream

oV,F

()

Tvax = Thiax 0 +

Where tmax,o is the delay of the peak maximum after the pulse, due to the
average residence time of the gas in the permeate side, Vypsiream iS the
volume in the upstream side and @y is the volumetric flow rate of the
feed stream. The latter is inversely proportional to the pressure:

mV STP
[0} =V,31P
(]

143 ®)

And thus: effect of pressure on the response of the pulse in the

10

permeate is given by:

EF x VUgstream (9)
@v,srp
Besides some scatter, the trend in the data for each pulse duration fits
reasonably well with a straight line in Fig. 6A and C. The value of Tmaxo
in Eg. (9) depends onthe configuration of the gas analyseritself, and on
ratio between the volume of the connections at the permeate side and
the sweep (+permeate) flow rate, but these parameters were not

changed in this work and, therefore, tvaxo can be considered constant.
Since the feed gas was changed by the mass-flow controller, and not

instantaneously by switching the 6-way valve, some of the delay in the
response may be due to the slow response of the MFC, causing an
imperfect step in the partial pressure of the feed stream, as described by

TMax = rMax,O +
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Favre et al. for the time lag method [79]. In the case of CO,, the peak
maxima range from ca. 14 s - 21 s at 2 bar and fromca. 17s-24sat6
bar. This relatively narrow range and the low standard deviations of
0.291 s for CO; and 0.725 s for CH4 mean that once the conditions of
pressure and pulse duration are fixed, the signal delay due to the
instrumental residence time can be estimated accurately. Nevertheless,
the determination of the peak maximum from the highest measurement
point may cause some scatter due to the low sampling frequency of the
MS signal. The fit of the entire peak would probably reduce the scatter in
the calculation of the maximum, but this is much more laborious and
since the standard deviation is less than 1 s, we considered this accurate
enough for the present work.

The original data in Figure SI6 and Figure S17 show that the 4 s pulse
and 6 s pulse show the best compromise between a sufficiently large but
not too broad peak, modest peak deformation, and a short time to reach
the peak maximum. Therefore, for our further work we decided to use
the 6 s pulse duration and the average instrumental residence time is
determined from the maximum in the permeate signal of the aluminium
disc with a pinhole, after exposure to a pulse of this duration with the gas
of interest. Since the peak maximum depends on the pulse time, the
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same pulse length should be considered for the correction if the mem-
brane is also exposed to a pulse. Instead, if the membrane is exposedto a
step-change in the feed, i.e. in the case of the differential signal in the
previous section (Section 3.2.1), the pulse length should be extrapolated
to zero to find the position of the inflection point. The latter is used for
the correction of the time axis in Fig. 4.

3.2.2.2. Analysis of the transport parameters of PDMS and PIM-DTFM-
BTrip. After identification of 6 s as a suitable pulse duration for the
pinhole, an analogous test with the PDMS membrane shows a much
wider signal, due to the transient transport in the PDMS film itself
(Figure SI9). Qualitatively there is no significant effect of the pulse
duration on the peak position from 2 to 10 s, while only at a pulse
duration of 2 s, the peak intensity becomes rather low. This confirms the
6 s pulse to be a good choice. The peak width of the pinhole is virtually
negligible to that of the PDMS membrane, suggesting that the instru-
mental residence time is not expected to affect significantly the shape of
the permeation curve for the PDMS membrane. Fig. 7 and Fig. 8 show
the permeation curves for a 6 s pulse of CO,, CH, and their 35/65 vol%
mixture in the PDMS film and the PIM-DTFM-BTrip film, respectively at
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Flg 7. Permeate flow rate of pure CO2 (A), pure CHa4 (B) and the same gases using a 35/65 vol% COz/Cl;h mixture (C,D) after a 6 s pulse and a feed flow rate of 500
cm st MiN through the PDMS membrane (membrane thickness 1056 um, effective area 13.84 cm ). The numbers indicate the feed pressure in bar(a). A back-

ground of 3 vol% CO2 and 3 vol% CHa4 in argon is used to guarantee a slightly higher baseline signal and correspondingly higher sampling rate. The dotted grey
curves in the graph for pure CO2 and pure CH4 show for comparison the corresponding response of a 6 s pulse at 6 bar through the pinhole, scaled vertically to fit in

the same graph.
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Flg 8. Permeate flow rate of pure CO2 (A), pure CH4 (B) and the same gases using a 35/65 vol% CO2/CH4 mixture (C, 9) after a 6 s pulse and a feed flow rate of 500
cm st Min through the PIM-DTFM-BTrip membrane (membrane thickness 112 £ 6 um, effective area 0.785 cm , age 1382 days + max 5 days to complete the
measurement cycle). The numbers indicate the feed pressure in bar(a). A background of 3 vol% CO2 and 3 vol% CHa in argon is used to guarantee a slightly higher
baseline signal and correspondingly higher sampling rate. The dotted red curve in the graphs for pure CO2 and pure CHa4 show for comparison the corresponding
response of a 6 s pulse at 6 bar through the pinhole, scaled vertically to fit in the same graph. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

pressures from 1 to 6 bar(a).

Theinstrumental responseis muchfasterthanthatofthe PDMS film
and the signal of the pinhole in the aluminium film is almost negligible,
bothintime and in peak width. Therefore, the PDMS peak shape is not
significantly affected by the instrumental setup, and subtraction of the
average instrumental residence time (Eqg. (10) and Eq. (11)) from the
time axis, should allow fitting of the entire curve with Eq. (A11) to
calculate all transport parameters P, D and S. On the other hand, the
response ofthe pinholeis only slightly fasterthanthat ofthe PIM-DTFM-
BTrip film, especially for CO,, and therefore the signal is likely so much
deformed that a fit of the entire curve is not possible if the peak
broadening due to the instrumentitself is not considered. Qualitatively,
there is no obvious difference between the peak shape and position in
the pure and the mixed gas permeation measurements, with exception of
the higher noise for the mixtures due to the lower signal. There is a weak
increase in the peak position with increasing pressure, which is best
visible for the PIM that has the shortest time scale, but this is probably
mostly duetothe effectdiscussedin Fig. 6. Inall curves, the peak height
increases more or less proportionally with the pressure, because upon
substitution of t = Tmax ——wggq (A11) becomes independent of time
and increases linearly with the feed pressure.

The pulse peak position is very similar for the PIM and for the

12

pinhole, but the PIM signal is clearly much wider. This suggests that the
estimation of the diffusion coefficient can still be relatively accurate,
because the membrane has the largest influence on the overall signal.
Since the complete fit of the permeation curve is not possible for the
PIM, only the peak maximum was determined by a partial fit of the peak
apex, and the maximum due to the membrane transport, Tmax,Mem Was
determined as follows:

rl\/lax,l\/lem = Thax— rMax,O (10)

Where tvax,o is the peak position of system response, i.e. of the pulse on
the aluminium sample with pinhole given by Eq. (10) and Eqg. (11). The
diffusion coefficient is than calculated by rearrangement of Eq. (A12) as:

2

- [
b= 10- 9 TMax,Mem (11)

The results are plotted in Fig. 9. There is some scatter in the diffusion
data, which does not allow to identify an unambiguous trend as a
function of the feed pressure or a difference between pure and mixed gas
diffusion coefficients in PDMS. Instead, in the PIM, both CO, and CH,4
have a higher diffusion coefficient in the mixed gas experiment than in
the pure gas experiment. The standard mixture (Ar with 3 vol% of CO,
and 3 vol% of CH,) that is used as the background has apparently little
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Fig. 9. Diffusion coefficients for pure CO2 and CHa (A,C) and for a 35/65 vol% CO2/CH4 mixture (B,D) in a 1056 pm thick PDMS film (top) and a 112 pm thick PIM-
DTFM-BTrip film (bottom) as a function of the feed gas pressure. Feed gas mixture of 3 vol% CO2 and 3 vol% CHa in Argon, followed by a 6 s pulse of the gas or gas
mixture of interest. The lines are plotted as a guide to the eye. PIM-DTFM-BTrip membrane age 1382 days (+max. 5 to complete the measurement cycle).
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effect on the diffusion coefficient because of the low CO, partial pres-
sure. The average values of the diffusion coefficient taken at all pressures
lie remarkably close to the values determined by the other methods
(Tables 2 and 3), confirming the validity of the procedures. For a more
sensitive determination of the effect of the gas pressure or composition,
CO; could be run at the background when making CH,4 pulses and vice
versa, or *3C labelled CO, and CH, could be used for the pulse while the
unlabelled mixture is permeating.

3.3. Comparison of methods

An overview of the results for all different methods is given in Table 2
for PDMS and Table 3 for PIM-DTFM-BTrip, while a selected number of
data is also plotted in the Robeson diagram (Fig. 10). Despite the
different instruments used and despite the different measurement and
evaluation modes when using the same instrument, the transport pa-
rameters of CO, and CH, in PDMS are strikingly similar, with a
maximum of around 10% spread in both the permeability and the
diffusion coefficient. Regardless the method used, the mixed gas diffu-
sion coefficient of methane is systematically higher than the single gas
diffusion coefficient, but there is no systematic trend for CO..

For PIM-DTFM-Btrip, there is somewhat more spread in the data. In

100

E~201 9

Selectivity a (CO,/CH,)

1

10000
CO, Permeability (Barrer)

Fig. 10. Robeson plot with an overview of the results for the CO2/CHas gas pair
in PDMS (Table 2) and PIM-DTFM-BTrip (Table 3). Data for PDMS are reported
in purple for single gas and orange for mixed gas, while data for PIM-DTFM-
BTrip are reported in blue for single gases and green for mixed gas. Symbols
shapes indicate the different instrument or method used for their analysis: Fixed
Volume Tangent (e), Fixed Volume Complete fit (l), Variable Volume

Tangent (), Variable Volume, Complete fit time lag curve (#), Variable Vol-
ume, Complete fit sigmoidal curve (X). Empty blue symbols indicate change in

separation performance as a function of aging time for the PIM-DTFM-BTrip
(data from Ref. [16]). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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terms of permeability, the variable volume setup gives higher perme-
abilities than the fixed volume setup for both CO, and CHy,, for all the
methods used. However, the variable volume setup gives lower pure gas
diffusion coefficients for CO, than the fixed volume setup, but very
similar mixed gas diffusion coefficients, while the diffusion coefficients
are substantially higher in the variable volume setup with all three
measurement modes, both for the pure gases and for the mixed gases.
The latter demonstrates the presence of a positive coupling effect of CO,
for CH,4, while the lower pure gas diffusivity of CO, indicates a negative
coupling by CH,.

3.4. Gas separation process evaluation

In real separation processes, the membranes normally operate under
steady state conditions, where the most important variables are the feed
pressure and the feed gas composition. While the transient measure-
ments proved useful for the analysis of the transport parameters,
yielding detailed information on the transport mechanism and its
anomalies, Fig. 11 shows an overview of the results under stationary
conditions with the comparison of pure and mixed gas permeability and
selectivity for both polymers as a function of the total feed pressure (A,B
and D,E) and feed composition (C,F). PDMS shows negligible pressure
dependence in the range of 1-6 bar absolute pressure at 35 vol% of CO,
in methane, and also very low composition dependence in the range of
10-50 vol% of CO, in methane at 6 bar(a) feed pressure. While it was
shown in the previous sections that the diffusion of CH, is slightly faster
in the mixture in both PDMS and the PIM (Fig. 4), the CH, mixed gas
permeabilityissomewhatlowerthanthe pure gas permeability,and CO,
is unaffected, and thus the CO,/CH, selectivity results slightly higher
thantheideal selectivity. This is apparently due to competitive sorption
of CO; and CHy4, which reduces the solubility of the CH,.

Thereisnoevidenceof plasticizationby CO,, whichgenerally occurs
at higher CO, partial pressure, and is more evident in glassy polymers
than in rubbers. Opposite to PDMS, the sample of PIM-DTFM-BTrip
shows a distinct pressure dependence for CO; permeation, while the
CH, permeability is nearly constant as a function of the feed pressure
(Fig. 11D and E). As a result, the ideal selectivity and the mixed gas
selectivity decreases with increasing pressure, according to a similar
trend. At a total pressure of 6 bar(a), instead, the composition-
dependence is almost negligible. In all three experiments there is also
some hysteresis between the increasing and decreasing pressure
(Fig.11DandE)orCO,concentration (Fig. 11F), withthe highestvalues
beingrecordedinthe (partial) pressure decreaserun. The hysteresisin
the PIM sample suggests that dilation occurs at the highest absolute
pressure or CO, partial pressure, which does not relax back to the
original volume within the duration of a measurement cycle and
therefore the permeability increases. Indeed, the effect is strongest for
the pure gas permeation measurements, where the CO; partial pressure
reaches 6 bar(a), while it reaches a maximum of 2.1 bar for the mea-
surements at variable pressure (Figs. 11E) and 3.0 bar for the mea-
surements at variable composition (Fig. 11F). The pressure-dependence
of the permeability in the PIM is in line with the results above and
confirms that it is strictly not possible to describe the transport in the
PIM with simple Fickian diffusion. Under the same conditions, PIM-
DTFM-BTrip shows systematic much higher permeability at different
feed pressureswithrespectto PIM-2[28] and PIM-SBF-1[64], and also
higher permeability with respect to the ultrapermeables PIM-TMN-Trip
[80] and PIM-SBI-Trip [81], even if the latter as a higher selectivity
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Fig. 11. Permeability (in Barrer) of pure CO2 and CHa as a function of the feed pressure in (A) PDMS and (D) PIM-DTFM-BTrip. Corresponding curves (B,E) for mixed
gas permeation with a 35/65 vol% CO2/CH4 and (C,F) plot of the composition-dependence at 6 bar(a) feed pressure. The lines serve as a guide to the eye only. The
symbols at integer values of pressure and at 10, 20, 30, 40 and 50% CO: represent the increasing pressure steps or CO2 concentration in the feed, while the points at
half-integer value of pressure or the points at 15, 25, 35 and 45% CO:2 represent the subsequent decreasing pressure steps or CO2 concentration. The arrowheads on
the lines point towards the axis where to read the data. Membrane age 274 days (+max. 5 days to complete the measurement cycle).

positioning both of them close to the most recent upper bounds. Given
its fluorinated nature, it might be expected that the performance of
PIM-DTFM-Tripisless affected by the presence of humidity, similarly to
what was observed for PIM-2 [28]. This makes this PIM of interest for
further studies regarding industrial separations where large quantities of
humid gases must be treated.

4. Conclusions

The present paper describes the detailed analysis of the transient
phase of mixed gas transport through two fundamentally different
membrane materials, namely the glassy benzotriptycene-based ultra-
permeable polymer of intrinsic microporosity (PIM-DTFM-BTrip) and
the rubbery polydimethylsiloxane (PDMS), via the online analysis of the
permeate gas composition and flow rate by means of a mass-
spectrometric residual gas analyser. This analyser offers the unique
advantage that it allows the calculation of the mixed gas diffusion co-
efficients of all individual gases present in the mixture, thus providing
novel insight into the transport in these materials. The use of three
different approaches (integral, differential and pulse signal) to deter-
mine the mixed gas transport parameters, and the comparison with the
‘classical’ time lag method in a fixed volume setup, provides further
insight into the behaviour of the materials and in the strengths and
limitations of the different instruments and elaboration methods. The
computational analysis of the entire permeation curve is laborious, but
provides the best insight in the gas transport mechanism, and
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unequivocally reveals non-Fickian behaviour, if present, via the devia-
tion of the experimental results from the theoretical permeation curve. It
also confirms the well-known but generally ignored limitations of the
traditional time lag measurements, which measures the effective trans-
port parameters, but does not consider anomalies such as non-Fickian
diffusion. On the other hand, the time lag and other singular points
provide the simplest and fastest methods for determining the effective
diffusion coefficient of gases in membranes.

All three approaches used with the variable volume instrument
showed very similar results for PDMS, with a maximum of around 10%
spread in both the permeability and the diffusion coefficient compared
to the ‘standard’ fixed volume method. The generally good fit of the
permeation curves confirms both the reliability of the methods, and the
‘normal’ behaviour of PDMS, ascribed to its thermodynamic equilibrium
state in the rubber phase, which is not subject to physical aging. The PIM
shows strongly non-Fickian transport, unlike that usually observed in
rubbery or common glassy polymer membranes, with a very poor fit of
the experimental data with the theoretical permeation curves for simple
Fickian diffusion and Henry type sorption, indicating the presence of
strongly pressure-dependent permeability and diffusion coefficients.
PIM-DTFM-BTrip further shows an evident coupling effect between CO,
and CH, in mixed gas permeation experiments, with a strong increase of
the diffusion coefficient of CO; in the presence of CH, but a slightly
weaker decrease of its solubility. Interestingly, this PIM seems to have
stopped aging after the 636 days reported in our previous study [16] and
was not affected by the measurements with gas mixtures at elevated CO,
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Appendix A. Mathematical models describing different permeation modes

Numerous articles, books and book chapters have been dedicated to the mathematical description of the gas transport through membranes, e.qg.
Refs. [14,82,83]. The models have an analytical solution for flat sheet membranes, provided that a number of conditions are satisfied, such as a
constant solubility and diffusivity of the gas in the membrane material. The amount of gas permeating through the membrane can be described by a
Tailor series and the precise equation depends on whether we look at the permeation rate every moment or at the cumulative amount of gas
permeated. The sections below will describe the models for the instruments and the specific procedures that we will use in this work.

Fixed volume setup

A typical time lag curve of the permeate pressure or total gas volume in a fixed volume is shown in Figure A1A. Under the boundary conditions of
concentration-independent solubility and diffusion coefficient, constant feed pressure, the absence of any gas dissolved inside the membrane before
the experiment, and negligible permeate pressure compared to the feed, the trend of the total amount of gas in the permeate has an analytical solution.
For the fixed-volume setup used in this work, the pressure p; as a function of time t through a membrane with thickness | can be described as [63,84]:

(QQ) _RT
pt = pot ‘t “A-l-ps-S
d o VeVa (A1)
C = noC )Y
. Dy—1—2 — D-plil
Dit—1 _HZZ (—B]aexp ELn?u—t

n=1

where po and (dp/dt), are the starting pressure and the baseline slope, respectively, which should be negligible in a well-evacuated and leak free
membrane and permeability instrument. R is the universal gas constant [8.314-10—° m® bar mol~-K™Y], T is the absolute temperature [K], A is the
exposed membrane area [mz], Vp is the permeate volume [m3], Vn the molar volume of a gas at standard temperature and pressure [22.41~1O_3 m3stp

mol™! at 0 °C and 1 atm], p: the feed pressure [bar], S the gas solubility [n®stp m™ bar™] and D the diffusion coefficient [m?s™%]. Converting the
pressure in the fixed volume permeate side to a permeate volume at standard temperature and pressure, Vsrp, the following terms must be substituted

in Eq. (Al):
_ psre X T
pe= Visre (A2)
’ Ve Tsip
xXT
Po= Vo srPM - (A3)
+ VeTsp
((_lﬂﬁ) = (d_V;) x psre X T (A4)

d o d o5 Ve Tstp

Thus, Vsrp at any time becomes:

av, RTsre C sy C oo
= + — P A-l-ps- D-t 1 2 -1 D-n*-m*-t
Visre = Vostp d e t pSTPVmA l'pS. Dt = £ ( ) xp (A5)

Where fse= 1 and can be ignored.
PstPVm
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Tangent time lag method
The tangent method is the most commonly used method to calculate the diffusion coefficient from the steady state gas permeation curve. For long
times, the pressure-increase rate or the volumetric flow rate become constant, and Eg. (A1) and Eq. (A5) reduce to:

__RT A~g[-S-D( lz)
p= t— — (A6)
VoV | 6D
C D
A-pi-S-D /
Vise = Abee® t— — (A7)
I 6D

which both describe a straight line (shown for p; in Figure A1), that intersects the horizontal axis at the time defined as the time lag 6 or v

IZ
t=— =Qortp (A8)
6D

Measurement of the time lag allows for the calculation of the experimental diffusion coefficient via Eq. (A8), if the membrane thickness is known.

Integral fit of the pressure-increase curve (fixed volume setup)

The tangent method requires that the permeation reaches a pseudo-steady state, from where the tangent can be extrapolated to the time axis. If the
steady state is not reached, for instance in relatively thick membranes or for permeants with alow diffusion coefficient and high solubility, for which
themeasurementtimeisextremelylong, thenaleast-squaresfitofthe entire permeation curve may offerasolution[72]. Inthiscase, Eq. (A1) mustbe
expanded in an appropriate number of terms that fits the experimental points and yields the values of P, D and S directly. If the curve shape deviates
from the experimental points, this is an indication of anomalous transport, such as (partial) immobilization [33] or clustering of the permeating
species [84], or plasticization of the polymer.

Cross flow permeation cell (variable volume setup)

The most common method to measure the permeation of gas mixtures uses a variable volume setup with a cross-flow permeation cell, and measures
the volumetric permeate flow rate. Usually, the steady state flow rate J-. is determined directly by a flow meter, or indirectly via the concentration of
the permeating gas in a sweeping gas stream with known flow rate. The steady state flow rate is given by the equation:

_A~-pf —pP)’S'D
=

If the partial pressure of the gas in the permeate is negligible (i.e. pp < py), this corresponds to the slope of the time lag curve under steady state
conditions (Eg. (A7)). Under the same boundary conditions (no gas present in the membrane before the experiment, permeate concentration negligible
compared to the feed concentration), the transient gas flow rate from the moment when the membrane is first exposed to the gas is mathematically
described by the derivative of the time lag curve in Eq. (A5). It takes the form of a sigmoidal curve, described by the following equation:

Jow (A9)

dVeste dv; + Ape-S— D-n?-m2-t
= ps-S /. ) n°
d d o 1% ( 1) exp (A10)

n= 12

(D)

Under normal conditions and in the absence of leaks in the system and in the membrane, the term & is negligible. Most cross-flow setups
0,STP
typically use periodic analysis of the gas composition by GC or micro GC, but with a sufficiently quick analyser one could also monitor the permeate
flow rate continuously. It was previously reported that an online mass-spectrometric residual gas analyser can evaluate multiple gases at the same
time, and integration of the signal allows the calculation of the mixed gas time lag, and thus mixed gas diffusion coefficients [60,63].

If the membrane is exposed to a short pulse of a gas in the feed (ideally a delta function with area=l and t « time lag), instead of a step-change, the
flow rate of this gas in the permeate is described by the derivative of Eq. (A10):

(thSTP) _ (d_Vs) _ZDZ'HZ S C ( D~n2~n2~t))
d T d FPS (=1 - (A11)

0,STP n= P

avn

This kind of experiment can be performed by flushing both sides of the cross-flow cell with a sweeping gas, briefly replacing it at the feed side with
the gas or gas mixture of interest, and then following the flow rate of the gases in the permeate.

A plot of the signals according to Eq. (A5), Eq. (A10) and Eq. (A11) is shown in Figure Al. The time lag in the integral curve, the inflection point in
the differential curve and the peak maximum in the curve of the pulse, are characteristic times that depend on the diffusion coefficient and the
membrane thickness. The analysis of these curves thus allows the calculation of D and S.

The inflection point in the differential curve corresponds to the peak maximum of the pulse and they are given by Ref. [68]:

IZ

10.9D
Another characteristic time is the time needed in the differential method to reach half of the steady state permeate flow rate [68]:

(A12)

TnF = Tviox =

2
e (A13)
7.2D

Bothtimes, also defined as ‘singular points’, can be used to calculate di diffusion coefficientifthe membrane thicknessis known. The areaunder
the pulse corresponds to the steady state flow rate in the differential curve and should be proportional to the permeability. Thus, upon appropriate
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calibration, integration of the pulse signal should allow the calculation of the permeability.
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Fig. Al. Plot of the permeate curves defined by (A) Eq. A5, (B) Eq. A10 and (C) Eq. (A11) for a hypothetical membrane (area 10 cm?, thickness 1000 pm) with a
permeability of 3000 Barrer, a diffusion coefficient of 107°m? s~ and a solubility of 2 cm3ste cm™> bar—! at a feed pressure of 1 bar.

Singular points method

In general, any of the singular points can be used to determine the diffusion coefficient of the penetrant:

p=—L—_ " _ " (A14)
10.9 7.2 61,
Tmax T1/2

Moreover, viathe precise shape ofthe curvesin Figure A1, defined by Eq. (A5), Eq. (A10) and Eq. (A11), each of these singular pointsis directly
related to the flow rate through the membrane, and thus to its permeability:

)
o= Mmed _ ST _A(T) (A15)
0.2442 0.5 0.6266
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If the flow J-. is known and normalized, then the singular points can be easily determined via these relations and vice versa, measurement of the
singular points allows calculation of J.. In the case of the pulse version, assuming the area of the peak & 1, the flow rate can also be correlated with
its height, h:

D
h=0.5922J~ = 0_5922/2_ (A16)

and for the peak width at half height, Az
IZ
Ap/2) =0.14025 5~ (A17)
D
which allows simple determination of D. The singular points can be used as a criterion for the homogeneity of the diffusion medium. In a ho-

mogeneous membrane, the diffusion coefficients calculated by any of formulas in Eq. (5) will be the same, but in the presence of “facilitated” diffusion
paths, the D values will decrease in the order of time (see Eq. (5)): twax < Ti2 < & = t7L. Thus, the singular points provide the simplest and fastest

method for determining the diffusion coefficient of gases in membranes as a first approximation.
Symbols and abbreviations

Symbol Parameter (unit)

A Membrane area (cm?)

c Concentration (cm3stp cm™3)

D Diffusion coefficient (cm?s™) or (m?s™%)

h Peak height (cm3stp s™2)

J Flow rate (cm®stp s™%)

| Thickness (um) or (cm) or (m)

p Pressure (bar)

P Permeability (Barrer = 107% cm®stp cm cm™2 st cmHg ™)
R Universal gas constant (8.314-10—° m® bar mol—%.K™1)
S Solubility (cm3®ste cm™2 bar—2) or (m3stp m—2 bar™?)

t Time (s or min)

touise Pulse duration (s)

T Absolute temperature (K)

v Volume (cm?®) or (m®)

Vi Molar volume (22.41-103 m3stp mol—* at 0 °C and 1 atm)
X Coordinate (m) or (cm)

Greek symbol

o Selectivity )

A Peak width (s)

6] Time lag (s)

o} Flow rate (cm®stp s™%)

L Time lag (s)

Subscript, index

a Gas speciesa

b Gas speciesb

D Diffusion

f, F feed

GC gas chromatography
h/2 at half height

i Gas species i

INF Inflection point

m molar

Max Maximum

Mem Membrane

P Permeate, permeability

peak at peak maximum
pulse pulse (for pulse duration)

S Solubility

STP standard temperature and pressure (here 0 °‘C and 1 atm)
t attimet

TL at time lag

\% Volumetric

0 at reference time t = 0 or pressure p= 0

73 at half height

oo at infinite
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Abbreviation

AMU Atomic mass unit

GC Gas chromatography

GRG Generalized Reduced Gradient

MFC Mass flow controller

MS Mass spectrometry, mass spectrometric
NMR Nuclear magnetic resonance

PDMS  Polydimethylsiloxane

PIM Polymer of intrinsic microporosity

PIM-DTFM-BTrip PIM with ditrifluoromethyl benzotriptycene side groups (the specific PIM in this work)
PTMSP poly(trimethylsilylpropyne)

RGA

Residual gas analyzer

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/].memsci.2022.120356.
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