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S1.1. Procedure for the calculation of mobility

The diffusive flux J; can be expressed either in terms of concentration gradient Vw; or in
terms of penetrant chemical potential gradient Vy;, that is the actual driving force for
diffusion:

wip
RT
In the first expression for the flux, originally given by Fick, the mutual diffusion coefficient
D, appears, while in the second one the mobility, £;, or self-diffusion coefficient, is used.
The mobility has a purely kinetic meaning and is related to the resistance of molecular
motion in the solid mixture. [51-54] As a consequence of this equivalence, the coefficient
D; can be rewritten as:

Ji=—DipVw; = - L; Vi, (51)
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' RTOw;

(S2)

If we assume the ideal gas model for the penetrant chemical potential in the gas phase,
due to its low pressure, the chemical potential of gas i can be related to the gas pressure
and temperature and the respective pure component value, {; . atthe same T and p as:

Wi = Uipure (T, p) + RTInp; (53)
So that the relation between the mutual diffusion coefficient and mobility can be rewritten
as
dlnp;
D, = L Alnw; (S4)

Where the term multiplying the mobility is defined as a

_ Olnp;
@= J In w; (55)

It is evident from its definition that & expresses a relation between the gas partial pressure
in the external gaseous phase, and its corresponding concentration in the membrane
polymeric phase, and is ultimately related to the solubility isotherm of the gas in the
polymer membrane. This term is entirely thermodynamic in nature and is thus usually
named the thermodynamic factor. Note that, based on the above equations the mutual
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diffusivity can be decomposed into this purely thermodynamic factor and the purely
kinetic mobility term, as follows:

bi = Li(X (56)

Calculating the thermodynamic factor is possible either by using a thermodynamic model
able to predict the gas solubility isotherm in the polymer membrane, or by taking
experimental solubility isotherms for the specific gas-polymer system. In this paper we
decided to follow this second route, as experimental isotherms for several gases in PSf
are available in the literature. Such isotherms are normally given by points and one can
approximate the differential relation defining a to the incremental ratio of inp; vs. In w; in
a sorption step going from an initial state in to a final state fin:

In(w{"/w]™)
In(p™/p/™)

Here, sorption data at 35°C by Ghosal et al [6] were used in order to obtain a values
for Oz, N2, COz, and CHy, estimated in the pressure range inspected in the permeation tests.
Thermodynamic factor was found equal to 1.17 for Oz, 1.25 for N2, 1.57 for CHs, and 2.08
for COy, indicating a thermodynamic influence on diffusion coefficients for the considered
gases. Using these values and the diffusivity obtained from this work, it was possible to

obtain average mobility coefficients as the ratio between the mutual diffusion coefficients
obtained via Equation (5) and the thermodynamic factor estimated from experimental

IR

(S7)

a

literature data and Equation (S7).

Table 1. Permeability and selectivity values for PSf/ZIF-8 Mixed Matrix Membranes.

T (°O)

Permeability (Barrer?)

H: He Oz CO2 N2 CHa
35 154+1.5 14.4+0.8 1.50 +£0.09 7.51+0.45 0.26 +0.02 0.30 £ 0.02
PSt 50 184+1.8 175+1.8 1.63+0.17 7.78 £ 0.98 0.30 +0.04 0.37 +0.04
65 21.9+2.5 229+27 241+0.17 9.96 +1.10 0.51+0.05 0.55 +0.05
35 19.2+0.9 174+09 2.18+0.14 9.50 £ 0.45 0.74 £0.07 0.98 £0.12
PSt/2% ZIF-8 50 224+1.7 214 +1.1 2.52+0.14 10.5+0.6 0.71+£0.08 1.09 £0.13
65 259+2.0 259+1.3 2.90+0.19 11.4+0.7 0.76 £ 0.15 1.16 +0.05
35 30.4+3.8 26.4+4.3 4.65+0.56 11.8+14 3.88 +0.47 4.30+0.58
PSf/8% ZIF-8 50 35.3+4.4 31.7+£3.9 5.29 £ 0.69 134+1.6 3.55+0.45 4.56 +0.56
65 37.7+4.8 34.8+4.4 4.79 +£0.70 14.1+£2.0 3.02£0.42 3.46 £0.48
35 72.7 +11.9 61.0+11.4 16.2+24 28.4+4.5 15.0+23 23.6 3.7
PSf/16% ZIF-8 50 73.3+11.4 59.7 £9.0 14.1+2.1 255+ 3.8 13.0+2.8 16.1+24
65 71.9+11.7 63.8+9.7 124+19 25.0+4 9.39+1.44 12.7+1.9
ZIF-8
[35,48,57—62] 20-35 6691 +2923 3000 + 1322 1600 + 888 1640 + 712 597 + 221 542 +181
T €C) Selectivity
H>/CO2 He/CO2 H>/CHa CO2/N2 CO/CHa4 O2/N2 CHa4/N2
35 2.06+0.02 1.68+0.01 524+04 28.8+0.2 255+0.2 574+0.04 1.13+0.01
PSt 50 236+0.07 224+0.07 49.8=+1.0 25.7+0.7 21.1+0.5 538+0.1 1.22+0.03
65 220+0.06 230+0.06 39.6+0.7 194+04 18.0+0.3 470+0.1 1.08+0.02
35 2.02+0.01 1.83+0.01 19.6+04 128+02 9.66+020 295+0.04 1.33+0.03
PSf/2% ZIF-8 50 2.14+0.01 2.04+0.01 20.6+05 147+03 9.63+020 355+0.06 1.52+0.07
65 229+0.02 228+0.01 224=x0.1 149+08 9.80+0.05 3.80+020 1.52+0.07
35 258+0.08 224+0.08 7.07+025 3.04x0.09 274+0.10 120+£0.04 1.11x0.04
PSt/8% ZIF-8 50 2.63+0.08 237+0.07 7.07+030 3.78x0.10 294+0.10 149+x0.05 1.28+0.04
65 267+010 246+0.09 109+04 4.68+020 4.09+020 159+0.06 1.14+0.05
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35 257+013 215+012 3.09+02 1.89+0.10 1.20+0.06 1.08+0.05 1.57+0.08
PSf/16% ZIF-8 50 288+0.13 234+011 455+£02 196+020 158+0.07 1.08+0.09 1.24+0.10
65 288+0.14 256+012 564+03 266+010 196+0.09 1.32+0.06 1.36+0.06
ZIF-8
(35,48 57-62] 20-35 41+19 1.8+09 12.3+3.6 27+09 3.0+£09 27+1.1 09+0.5
Barrer: 10° cm3cm cm2s™! (emHg)™?
Table 2. Diffusivity and diffusivity selectivity values for PSf/ZIF-8 Mixed Matrix Membranes.
T €C) Diffusion Coefficient (cm?¥s) x 107
H: O CO2 N2 CHa4
35 3.79+£1.0 0.31 £0.05 0.10+£0.01 0.09£0.01 0.015 + 0.002
PSt 50 9.68 +2.1 0.34 £ 0.07 0.14+0.04 0.10 £ 0.02 0.04 +£0.01
65 13.3+2.0 0.54 £0.16 0.24 £0.03 0.18 £0.03 0.09 £ 0.02
35 480+1.0 0.21+0.04 0.10+£0.01 0.20 £ 0.02 0.06 = 0.01
PSt/2% ZIF-8 50 734+15 0.42 £0.07 0.14 £ 0.02 0.19+£0.02 0.10+0.02
65 13.6 £3.7 0.59 +0.05 0.23 +0.02 0.23 +0.05 0.15+0.02
35 8.63+4.4 0.63+£0.16 0.12+£0.03 0.68 £0.23 0.59 +0.34
PS£/8% ZIF-8 50 18.6 £6.8 0.86 +0.24 0.18 £ 0.06 0.62+0.21 0.83+0.29
65 243 +12.6 1.11+0.39 0.24 £0.07 0.70+£0.20 0.81+£0.20
35 155+84 1.37£0.51 0.32+0.10 3.84+23 530+1.7
PSf/16% ZIF-8 50 16.2+£6.8 1.50 £0.53 0.35+0.10 4.02+21 576 +1.7
65 28.2+13.5 1.38 £ 0.48 044 +0.14 418+1.2 6.50+1.9
T CC) Diffusivity selectivity
H2/CO: H2/N2 H>/CHa H2/O2 CHa4/N2
35 36.8+1.7 429+24 258 + 14 122+ 1.0 0.17 £0.01
PSt 50 70.1+11.3 98.8 £ 8.6 258 +24 289 +2.5 0.38 +£0.03
65 56.6 +2.5 76.0 £4.1 142 £+ 10 249 +3.5 0.54+0.03
35 488 +1.3 245+1.0 81.4+59 234+1.7 0.30+£0.01
PSt/2% ZIF-8 50 53.2+2.2 384+1.3 72.0+6.4 174+1.0 0.53 £0.02
65 58.6£2.2 58.6+7.1 89.5+6.5 23.2 +0.7 0.66 + 0.06
35 72.5+15.2 12.8+4.2 14.7 £ 13.6 13.7+£27 0.87 £0.30
PS£/8% ZIF-8 50 102 +23 30.0+8.3 225+6.6 21.6+4.2 1.33+£0.37
65 103 + 28 34.6 +26.5 30.1+6.2 219+7.8 1.15+0.66
35 483 +14.4 4.04 +4.3 292+0.9 11.3+44 1.38+1.17
PSf/16% ZIF-8 50 46.3+10.8 4.03+28 2.81+0.7 10.8+3.4 1.43 £0.85
65 64.7 +18.9 6.75+1.7 434+1.1 204+ 6.6 1.56 £ 0.29




Membranes 2021, 11, 427

40f7

Table S3. Time lag values for PSf/ZIF-8 Mixed Matrix Membranes.

T (°O)

Time lag O (s)

£(um)

Ho Oz CO2 N2 CHs
35 226+13 23+0.6 27.5+4.8 83.0+9.7 96.3+13.0 578 £75
PSt 50 20.8+1.9 2.8+0.6 21.6+4.3 52.5+15.2 73.6+14.6 192 + 40
65 42.7+2.8 1.9+0.3 56.8 £16.7 129 +19.0 174 + 27 323 + 62
35 343+1.4 48+1.0 96.4+17.7 199 +18 100 £ 12 334+ 61
PSf/2% ZIF-8 50 343+14 27+0.5 46.4+7.2 142 +18 103 +11 192 £ 40
65 343+1.4 2.0+ 0.5 33.4+3.0 84.4+84 97.2+222 130 + 21
35 43.2+5.0 3.8+1.9 49.3+12.2 261 +67 46.4+15.8 56.8 £32.5
PS£/8% ZIF-8 50 43.2+5.0 1.7+0.6 36.1+10.1 172 £ 52 504+174 37.9+135
65 43.2+5.0 1.3+0.7 28.3+10.0 132 + 40 46.3+244 38.5+9.7
35 47.8+6.9 26+14 27.9+10.3 119 + 37 81+48 72+22
PS£/16% ZIF-8 50 47.8+6.9 24+1.0 254+9.0 109 + 32 9.8+5.1 6.6+2.0
65 47.8+6.9 1.4+0.7 27.7+9.6 88 +28.4 9.1+27 59+17
Table S4. Solubility coefficients and solubility selectivity values for PSf/ZIF-8 Mixed Matrix Membranes.
T CC) Solubility Coefficient S = P/D (cm3(STP)/cm3 pol atm)
He CO: N2 CHa4
35 0.32+0.07 0.37+0.04 5.57+0.33 0.23+0.02 1.52+0.11
PSt 50 0.14 £ 0.02 0.37 £0.04 4.30+0.72 0.24+£0.03 0.75+0.09
65 0.13+0.02 0.35+0.05 3.22+0.39 0.22 +0.02 0.45 + 0.05
35 0.31+0.05 0.81+0.11 7.34 +0.36 0.29 £0.02 1.28 +0.27
PS£/2% ZIE-8 50 0.23+0.03 0.45 +0.06 575+0.44 0.29 £0.05 0.81+0.08
65 0.15+0.04 0.38 +0.02 3.71+£0.17 0.28 +0.02 0.58 + 0.07
35 0.28+0.10 0.56 +£0.07 7.52+1.06 0.44+0.10 0.60 +0.25
PS£/8% ZIF-8 50 0.15+0.05 0.47 £ 0.07 562+1.12 0.44 +£0.10 0.42+0.10
65 0.12 +0.05 0.33+0.07 4.57 +0.76 0.34+0.13 0.33+0.04
35 0.37+0.15 0.90+0.20 6.72 £1.07 0.31+0.14 0.34 +0.05
PSt/16% ZIF-8 50 0.35+0.09 0.72+0.15 5.54+0.83 0.25+0.07 0.21+0.03
65 0.20 +0.07 0.69+0.14 4.36 +0.80 0.17+0.03 0.15+0.02
T CC) Solubility selectivity
CO2/H2 O2/H2 CO2/N2 CO2/CHas O2/Nz2
35 17.7+1.0 1.17 £ 0.08 24.7+0.3 3.65+0.03 1.64 +0.02
PSt 50 299+12 2.58 £0.08 18.3+0.6 5.75+0.20 1.58 + 0.04
65 25.8+0.8 2.76 £0.10 145+0.2 717 +0.19 1.55 +0.03
35 239+0.8 2.65+0.13 25.6£0.2 5.74+0.34 2.84+£0.04
PSf/2% ZIF-8 50 247 +0.8 1.95+0.07 20.1+£0.8 7.06+0.13 1.59 + 0.07
65 251+1.8 2.54+0.20 13.1+0.1 6.38+0.13 1.33+0.01
35 269+5.6 2.00+0.41 171+1.5 12.6 £3.7 1.28 +0.11
PS£/8% ZIF-8 50 37.7£8.1 3.13£0.62 129+13 13.3+1.4 1.07 £ 0.09
65 36.9 +8.4 2.67 £0.66 13.4+3.5 14.0+0.5 0.97 £0.27
35 18.1+5.1 243+0.75 21577 199+1.0 2.88+1.14
PS£/16% ZIF-8 50 159+1.8 2.06 £0.27 22.0£3.1 261+13 2.84+£0.46
65 21.9+5.2 3.45+0.84 255+1.3 29.2+1.5 4.01+0.22
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Figure S1. Permeability of various gases in PSf/ZIF-8 mixed matrix membranes as a function of ZIF-8 wt%:
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Figure S2. Permeability and selectivity in PSf/ZIF-8 mixed matrix membranes as a function of 1000/T:
(a) Permeability in PSf/2% ZIF-8; (b) Permeability in PSf/8% ZIF-8.
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Figure S3. Diffusivity of various gases in PSf/ZIF-8 mixed matrix membranes as a function of ZIF-8 wt%:
(a), (b) at 50°C; (c), (d) at 65°C.
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Figure S4. Diffusivity of various gases in PSf/ZIF-8 mixed matrix membranes as a function of 1000/T:
(a) PSf/2% ZIF-8; (b) PSf/8% ZIE-8.
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Figure S5. Relative permeability and diffusivity increase of various gases in PSf/ZIF-8 mixed matrix membranes
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