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Abstract12

The mixed-gas separation performance of a polyimide (Matrimid®), polyetherimide (PEI) and13

polylactic acid (PLA) membrane, were characterized in the presence of - rich ternary ( / / ) and 14

quaternary  ( / / / ) feed gas mixtures mimicking the products of reforming conversion 15

reactions. The membrane- based separation of this mixture is poorly characterized and original data were 16

obtained in a novel mass spectrometric apparatus that permits to monitor the instantaneous permeate 17

composition, thus allowing to evaluate both mixed gas diffusion and permeability coefficients of all gases. 18

, , permeability and diffusivity in single gas tests were measured between 298 and 353 K19

up to 1 atm feed pressure and relevant activation energies were evaluated. At 298 K Matrimid® exhibits 20

permeability of 0.50 0.03 Barrer and an ideal / selectivity of 16 1. PEI and PLA exhibit similar ideal 21

selectivity values but lower transport rates. In all examined polymer films the / selectivity has 22

absorption-selective character that favours the permeation of . The ideal / selectivity of all 23

membrane samples decreases with temperature, reaching values of 10 1 at 335 K in Matrimid®. The 24

/ selective performances of all examined membrane do not show markable variations exposing the 25

membrane samples to - rich gas mixtures as feed gas. The upper bound correlation among selectivity and 26

permeability for the / gas couple is here for the first time proposed.27
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1. Introduction33

reforming by non-thermal plasma (NTP) conversion is an emerging technique for 34

recycling. A non-thermal plasma operates at room temperature and atmospheric pressure 35

generating highly active molecular/atomic species and energetic electrons with 1 to 10 eV energy: 36

when electrons with energy in this interval value collide with molecules, excite them and break 37

chemical bonds. dissociation occurs by reaction and requires only 5.5 eV; 38

dissociation proceeds via stepwise vibrational excitation that breaks the bond [1,2]. When 39

driven by renewable energy, this innovative conversion process would be an important step40

towards a sustainable energy scenario: it allows, in fact, recycling with the simultaneous storage 41

of the electricity produced by the renewable sources in form of chemical fuels offering a solar-to-42

fuel efficiency close to 23 % [1,2]. Its implementation requires anyway the upgrading of the resulting43

gas mixture by separation of the unconverted molecules from [1,2]. 44

Compared to the commercial separation technologies of Swing Adsorption or Cryogenic 45

Distillation, membrane processes are of particular interest offering low energy consumption, high 46

sustainability and environmentally friendly character [3,4]. Gas transport through a polymeric47

membrane occurs when a pressure difference is applied between the membrane opposite sides: 48

the gas mixture components are separated because different gas species permeate through the 49

membrane layers at different rates depending on their solubility and diffusivity in the polymeric50

layers [4]. There is very little knowledge on the transport properties and separation 51

performances of commercial polymeric gas separation membranes. Such information would be of 52

importance not only for separation from mixtures produced by reforming, but also for 53

separation of mixtures produced in processes such as partial oxidation of carbon- containing 54

materials (coal and biomasses) or by steam reforming of natural gas [5]. 55

In this work we present a detailed study on the transport properties and 56

separation performances in multicomponent state of polymeric membranes exposed to - rich 57

gas mixtures having composition similar to those produced by reforming by NTP conversion. 58

The tests were carried out with a novel experimental mass spectrometric apparatus which allows to 59

monitor the transient and steady-state multicomponent transport of gas mixtures in polymeric 60

membranes with high accuracy, allowing to determine the mixed gas diffusion and permeation 61

coefficients, which are extremely rare and time-consuming, as recent studies reveal [6].  Tests were 62

carried out using dense Matrimid®, polyetherimide (PEI) and polylactic acid (PLA) membrane films. 63

Matrimid® is an aromatic polyimide with glassy structure exhibiting high thermal stability (64
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) and acceptable values of selectivity and permeability for separation and 65

purification applications [7]. PEI is an amorphous thermoplastic with glass transition temperature 66

at 217°C, decomposition temperature at 427°C and 1.27 g/cm3 density offering excellent chemical 67

resistance and high strength [8]. PLA is aliphatic polyester having 1.24 g/cm368

density and 160°C melting point that is produced from the fermentation of renewable resources 69

such as crops studied for packaging applications as substitute of commercial petroleum- derived 70

polymers [9]. Matrimid® and PEI were chosen for this study because these commercial polymers are 71

used for the construction of hollow fiber membranes employed in industrial plants for biogas 72

upgrading [10,11] and it is thus of interest a study on their separation properties. PLA was 73

chosen because the transport properties of various gases in this biopolymer are of interest for its 74

envisaged applications [9] and no information is currently present regarding the permeation 75

process.76

The aim of this paper is to present original data on the permeability and diffusivity in the 77

examined polymer samples and analyze their selective properties at different 78

temperatures. Separate information on gas permeability and diffusivity in the examined samples 79

will be presented to underline the mechanism responsible of the membrane separation properties. 80

Permeation tests were carried out in single gas and in mixed gas conditions: the comparison 81

between single gas transport and gas mixture transport is of great importance because when the 82

membrane is exposed to gas mixtures, as it occurs in real operative conditions, microscopic 83

phenomena such as competitive sorption effects, plasticization processes and matrix dilation affect 84

the transport of gas mixture components and the membrane selectivity values can thus differ from 85

the ideal ones [12].86

87

2. Experimental88

2.1 Materials89

Matrimid® films with thickness of 60 2 m were prepared dissolving polyimide powders 90

(kindly provided by Huntsman Advanced Materials) in dichloromethane (Sigma-Aldrich) (1.5 wt. %) 91

and the resulting solution was casted in a petri dish; after solvent evaporation in a clean hood 92

overnight, the resulting film was inserted in a vacuum oven at 200°C overnight. 93

Polyetherimide (PEI) films with thickness of 80 2 m were prepared dissolving 0.65 g 94

polyetherimide pellets with density 1.27 g/cm3 (Sigma-Aldrich, Milan) in 40 mL . The solution 95

was heated to about 40-50°C and kept under stirring until complete dissolution. Then it was casted 96

separation properties. PLA was separation properties. PLA was 

biopolymer biopolymer are of interest for its 

s currently present regarding thes currently present regarding the

per is to present original data on the per is to present original data on the permeability and diffusivity 

theirtheir

temperatures. Separate information on gas permeability and diffusivity in the examined temperatures. Separate information on gas permeability and diffusivity in the examined 

will be presented to underline the mechanism responsible of the membrane separation properties. will be presented to underline the mechanism responsible of the membrane separation properties. 

Permeation tests were carried out in single gas and in single gas and 

between single gas transport and gas mixture transportbetween single gas transport and gas mixture transport

membrane is exposed to gas mixtures, as it occurs in real operative conditions, membrane is exposed to gas mixtures, as it occurs in real operative conditions, 

as competitive sorption effects, plasticization procesas competitive sorption effects, plasticization proces

the transport of gas mixture the transport of gas mixture components



4

on glass dishes, dried at RT for 5 days, then in an oven at 60°C for 24 h and finally in a desiccator97

under mild vacuum until utilization.98

Nearly amorphous PLA films with thickness of 50 2 m were prepared dissolving PLA pellets 99

(Nature Works LLC, PLA 4032D) in chloroform (1 g PLA / 25 ml CHCl3) at 40°C under magnetic stirring 100

until completely dissolved. Film samples were obtained casting the resulting solution in a petri dish;101

the solvent was let evaporate first at room temperature for 24 hours and then for 4 hours in a 102

ventilated oven at 40° C. DSC analysis not reported here revealed that the crystalline content of the 103

present film samples was lower than 3 %.104

We studied the transport of carbon dioxide ( ), carbon monoxide ( ), nitrogen ( ),105

synthetic air (a dry mixture of 20 vol. % and 80 vol. % ) and of two gas mixtures, M224 and 106

M225, whose composition is reported in Table I. These mixtures were prepared by a static method 107

introducing known amounts of single gas components into a previously evacuated rigid vessel; their 108

composition mimics that of mixtures resulting from plasma reforming [13,14].109

110

    (vol %)    (vol %)    (vol %)    (vol %)
M224 64 1 26 1 9 1 -
M225 30 1 26 1 9 1 34 1

Table I: Composition of the ternary (M224) and quaternary (M225) gas mixtures.111

112

The molecular diameters ( ) and critical temperatures ( ) of test gases are reported in 113

Table II [15]. Gas transport tests were carried out at temperature and feed pressure values relevant 114

for plasma reforming processes, namely 100°C and 105 Pa.115

116

117

gas (pm) (pm) (pm) (cm3/mol)    (K)   (A/Pa) (m3/s)
330 394 365 91.9 304.19 6.71 10-3 130 2
376 369 363 90.1 132.91 5.91 10-3 140 2
364 380 361 89.4 126.2 5.63 10-3 125 2
346 345 339 73.5 154.6 4.54 10-3 135 2

Table II: Kinetic diameters ( ), Lennard-Jones diameters ( ), Chung diameter ( ), critical molar volume 118
( ) and temperatures ( ) of the examined test gases [15]. The last two columns report the QMS sensitivity 119

and the pumping speed of our vacuum system for each gas specie. Values of the parameters are: 120
= 0.099 and = 0.103. Experimental indetermination of the and parameters is 121

1 % [16].122
123
124

2.2 Gas transport tests125

carbon moncarbon monoxide (oxide (

and of and of twotwo gas mixturesgas mixtures

These mixtures were prepared by a static method These mixtures were prepared by a static method 

introducing known amounts of single gas components into a previously evacuated rigid vesselintroducing known amounts of single gas components into a previously evacuated rigid vessel

composition mimics that of mixtures resulting from plasma reforming plasma reforming 

      (vol %)(vol %)
26 26 1
26 

Composition of the ternary (M224) and quaternary (M225) gas mixtures.Composition of the ternary (M224) and quaternary (M225) gas mixtures.

The molecular diameters (The molecular diameters ( ) and critical temperatures (

Gas transport tests were carried out Gas transport tests were carried out 
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The description of the experimental apparatus and of the procedure for the analysis of the 126

gas mixture transport kinetics through polymeric membranes is reported in a previous paper [16].127

Permeation tests were carried out by gas-phase permeation technique in dead-end configuration. 128

At time the feed side of the membrane sample is exposed to the feed gas at total pressure 129

; in the previous relation is the partial pressure value of the gas specie .130

Penetrant molecules permeate through the membrane in a vacuum chamber of volume and 131

temperature ; these molecules form in this volume a gas mixture having total pressure 132

. The partial pressure of the permeated molecules, , changes with time according 133

to the relation:134

(1)135

where is the universal gas constant, the effective pumping speed of the vacuum system. In the 136

previous relation is the permeation flux of the gas specie and the membrane surface area.137

Tests were carried out with the analysis chamber under dynamic pumping conditions using a 138

vacuum system based on turbo-molecular pumps [16]. When the condition is 139

satisfied then is a measure of the permeation flux of the gas specie by the relation:140

      (2)141

In our experimental approach we measured as a function of time with a calibrated 142

Quadrupole Mass Spectrometer (QMS) equipped with a grid- type ion source and a 90° off-axis 143

Secondary Electron Multiplier (SEM) for ion detection.144

This instrument was calibrated by the following procedure [16]. We injected pure gas in 145

the continuously pumped permeation chamber through a variable leak valve and recorded the 146

and QMS ion currents pertinent to the singly charged molecular ion and 147

its fragmentation ions . After background subtraction, the QMS sensitivity for the test 148

gas was obtained as:149

(3)150

while the QMS sensitivity for the   fragmentation ion relative to that of the ion by 151

the relation:152

   (4)153

Values of the , and of the parameters are reported in Table II. Calibration procedures154

and pertinent validation tests are presented in ref. [16].155

(1(1))

the effective pumping speed of the vacuumthe effective pumping speed of the vacuum

gas specie and gas specie and 

the analysis chamber under dynamic pumping conditions using a the analysis chamber under dynamic pumping conditions using a 
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In single gas tests we exposed the membrane samples to the gas specie and recorded the 156

ion current which represents the net mass signal ; the partial pressure in the 157

permeation chamber of this gas specie was then evaluated by eq. 3 and the permeation flux158

transient by eq. 2. As an example in fig. SI1 we report the signals obtained with the PLA 159

membrane films while in fig. 1 we report the corresponding  curves obtained converting 160

sampled data by eq. 2 using parameters in Table II. 161

162

In mixed gas tests we recorded, for each gas specie forming the feed mixture, the pertinent 163

and ion currents. The net mass signal, , was then obtained as follows. The164

and signals are unambiguously given by the and QMS ion 165

currents having mass-charge ratio and , respectively. The signal was 166

obtained monitoring the ion current ( ) resulting from the ions 167

formed in the electron- impact fragmentation of the molecules: . In 168

our experimental mixed gas tests, the ion current is given by three contributions: 169

the contribution of the ions formed in the ionization of the carbon monoxide molecule, 170

the contribution of the ions formed upon electron- impact fragmentation of 171

molecules and the contribution from the ions. The net mass signal, , was 172

obtained subtracting the signal from the 173

ion current: [16]. As examples to illustrate the 174

procedure, in the Supplementary Information Section, we report in figs. SI2 and SI3 the signals 175

obtained in permeation tests exposing the PEI membrane to the M224 gas mixture at 300 2 176

K (fig. SI2) and the Matrimid® membrane film to the M225 gas mixture at 300 2 K (fig. SI3).177

The partial pressure in the permeation chamber of each gas specie forming the gas mixture 178

was then evaluated by eq. 3 and its permeation flux transient by eq. 2. Figs. 2 and 3 report as 179

symbols the permeation curves obtained using sampled data of fig. SI2 and SI3.180

181

then obtained as follows. Thethen obtained as follows. The

and and 

, respe, respecctivelytively

(

impact fragmentation of the molecules: molecules: 
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182
Fig. 1: permeation curves obtained with the PLA membrane samples exposed to pure gases183
and gas ( 45 1 kPa) and to the dry gas mixture ( 72 1 kPa) at 298 2 K. 184
Curves were calculated converting sampled data of fig. SI1 by eq. 2.185

186

187

188

189

Fig. 2: permeation curves obtained with the PEI membrane samples exposed to the M224 gas mixture 190
( 45 1 kPa) at 295 2 K. Curves were calculated converting sampled data of fig. SI2 by 191
eq. 2.192

193

permeation curves obtained with the PLA membrane samples exposed to pure gasespermeation curves obtained with the PLA membrane samples exposed to pure gases
gas mixture ( 72 72 1 kPa) 

1 by eq. 2.1 by eq. 2.
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194

Fig. 3: permeation curves obtained with the Matrimid® membrane samples exposed to the M225 gas 195
mixture ( 72 1 kPa) at 300 2 K. Curves were calculated converting sampled data of fig. 196
SI3 by eq. 2.197

198

199

3. Results and discussion200

3.1 Data analysis201

The experimental permeation curves, as obtained in single and mixed gas conditions, 202

were analysed assuming that the permeation process obeys to the solution-diffusion mechanism 203

[17]. According to this mechanism, when the feed side of a homogeneous membrane of thickness 204

is exposed at time   to the feed gas at pressure , the gas molecules are absorbed in the 205

membrane surface layers and their concentration here, , immediately reaches the equilibrium 206

value given where is the gas solubility in the polymeric membrane at interfacial 207

conditions. In glassy polymers can be described by the dual-mode sorption [18].208

Absorbed molecule diffuse through the membrane layers to the opposite side down to their 209

concentration gradient according to the Fick law and are here desorbed [17]. The kinetics of the 210

permeation process is described by the following relationship [19], valid for a constant diffusion 211

coefficient:212

(5)213

(6)214

in which is the permeation flux as a function of time (flux transient), is the gas diffusivity 215

in the membrane layers and the permeation flux of the gas specie in stationary transport 216

conditions. The parameter is the membrane gas permeability. 217

permeation curves obtained with the Matrimid® membrane samples exposed to the M225 gas permeation curves obtained with the Matrimid® membrane samples exposed to the M225 gas 
2 K. Curves were calculated converting sampled 2 K. Curves were calculated converting sampled 

permeation permeation curves, as obtained in single and mixed gas conditions, curves, as obtained in single and mixed gas conditions, 

were analysed assuming that the permeation process obeys to the solutionpermeation process obeys to the solution

According to this mechanism, when the feed side of a homogeneous membrane of thickness According to this mechanism, when the feed side of a homogeneous membrane of thickness 

  to the feed gas at pressure to the feed gas at pressure 

membrane surface layers and their concentration here, membrane surface layers and their concentration here, 

where 
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This approach permits to evaluate separately the penetrant permeability and diffusivity. The values 218

of the and transport parameters were, in fact, obtained as follows: was calculated219

measuring the permeation flux of the gas specie in stationary transport conditions, , and using220

eq. 6 while the value by best fitting the experimental curves by eq. 5. In single-gas 221

conditions the value in eq. 5 is the total pressure of the feed gas while in mixed gas conditions222

(and with synthetic air) is the partial pressure of the gas specie in the feed mixture 223

). 224

225

3.2 Permeation tests226

In the upper panel of fig. 4 we present, as an example, the permeation curves 227

obtained at 295 K in single gas tests exposing the Matrimid® membrane sample to carbon 228

monoxide ( ) at different feed pressure values. In the lower panel of this figure the value of  229

flux in stationary transport conditions ( ) is reported as a function of the feed pressure, . 230

The linear relationship between and evidences that in this pressure interval the231

transport through the Matrimid® membrane film has a constant permeability coefficient, as 232

reasonable due to the low-pressure range inspected: similar trend was observed also with the PEI233

and PLA membranes. From similar sets of permeation curves, the and values were evaluated 234

as average value of the permeability and diffusivity values obtained in each test while their235

uncertainty as values semi-dispersion.236

237

238
Fig. 4:  Upper panel: curves obtained at 300 K in single gas tests exposing the Matrimid® 239
membrane sample to carbon monoxide at different feed pressure values [units: cm3(STP) / m2 s]. Lower 240
panel: value of the flux in stationary transport conditions ( ) as a function of the feed pressure241
[units of : cm3(STP) / m2 s].242

, as an example, the the 

295 K in single gas tests exposing the Matrimid® membrane sample to carbon 295 K in single gas tests exposing the Matrimid® membrane sample to carbon 

lower panel of thlower panel of th

is reported as a function of is reported as a function of 

evidencevidences

membrane film rane film has a constant permeability coefficient, as 

range inspectedrange inspected

From similar sets of permeation curvesFrom similar sets of permeation curves

of the permeability and diffusivity values obtained in of the permeability and diffusivity values obtained in 

semisemi--dispersion.dispersion.
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243

The Arrhenius plot of the and values obtained in single gas permeation tests is 244

reported in the left panel of fig. 5 for Matrimid®, of fig. 6 for PEI and of fig. 7 for PLA; the right panels 245

report data obtained exposing the membrane samples to the M224 gas mixture. The gas solubility 246

values calculated by the relation using and data pertinent to single gas test 247

for the and penetrant molecules are reported in Fig. 8.248

The numerical values of the gas transport parameters in figs. 5-8 can be found in the 249

Supplementary Information Sections together with data obtained with the M225 gas mixture, see 250

Tables. SI1-SI3. diffusivity values in Matrimid® and PEI are equal, within the experimental 251

indetermination, to diffusivity values (see Tables. SI1 and SI2) and are thus not reported in the 252

right panels of figs. 5 and 6.253

At each examined temperature, the following trend holds for the permeability coefficients: 254

and the following for the diffusion coefficients: . 255

The experimental data evidence that the best correlation of diffusivity with penetrant256

molecular size is observed if the Lennard-Jones diameter is accounted for, rather than the 257

collisional diameter , see Table II and fig. SI4 [20].258

We also observe that increasing temperature the permeability and diffusivity values 259

increase: such increase is nearly negligible for the glassy PEI film and results more marked for the 260

diffusivity than for the permeability values. 261

262

263

Fig. 5: Arrhenius plot of the gas permeability ( ) and diffusivity ( ) of the Matrimid® membrane sample as 264
obtained in single gas permeation tests (left panel) and with the ternary M224 gas mixture (right panel). 265
Numerical values are reported in the Supplementary Information section. diffusivity values measured in 266
Single Gas conditions (left panel) are not reported as overlap with diffusivity values. Permeation tests 267
were carried out with feed pressure between 20 and 90 kPa.268

diffusivity values in Matrimid® and PEI are equal, within the experimental diffusivity values in Matrimid® and PEI are equal, within the experimental 

s. SI1 and SI2) and are thus not reported in the s. SI1 and SI2) and are thus not reported in the 

At each examined temperature, the following trend holds for the permeability coefficients: nd holds for the permeability coefficients: 

and the following for the diffusion coefficients: and the following for the diffusion coefficients: 

The experimental data evidence that the best correlation of diffusivity with penetrantThe experimental data evidence that the best correlation of diffusivity with penetrant

molecular size is observed if the Lennard-Jones diameter Jones diameter 

, see Table II and fig. SI4 [, see Table II and fig. SI4 [2020].

We also observe that increasing temperature the permeability and dWe also observe that increasing temperature the permeability and d

increase is nearly negligible for the glassy increase is nearly negligible for the glassy 

diffusivity than for the permeability values. diffusivity than for the permeability values. 
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269
270

Fig. 6: Arrhenius plot of the gas permeability ( ) and diffusivity ( ) of the PEI membrane sample as obtained 271
in single gas permeation (left panel) and with the ternary M224 gas mixture (right panel). Numerical values 272
are reported in the Supplementary Information section. diffusivity values measured in Single Gas 273
conditions (left panel) are not reported as overlap with diffusivity values. Permeation tests were carried 274
out with feed pressure between 20 and 90 kPa.275

276
277

Fig. 7: Arrhenius plot of the gas permeability ( ) and diffusivity ( ) of the PLA membrane film as obtained in 278
single gas permeation tests (left panel) and with the ternary M224 gas mixture (right panel). Numerical values 279
are reported in the Supplementary Information section. Permeation tests were carried out with feed 280
pressure between 20 and 90 kPa.281

282
283

: Arrhenius plot of the gas permeability (: Arrhenius plot of the gas permeability (

PEI membrane sample as obtained membrane sample as obtained 
in single gas permeation (left panel) and with the ternary M224 gas mixture (right panel). Numerical values in single gas permeation (left panel) and with the ternary M224 gas mixture (right panel). Numerical values 

diffusivity values measured in Single Gas diffusivity values measured in Single Gas 
diffusivity values.diffusivity values. Permeation

single gas permeation tests (left panel) and with the ternary M224 gas mixture (right panel). Numerical values 
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284
Fig. 8: Arrhenius plot of the gas solubility ( ) of the Matrimid®, PEI and PLA membrane film in single gas 285
permeation tests obtained using and data in the left panels of figs. 4-6 by the relation . 286
Numerical values are reported in the Supplementary Information section. Permeation tests were carried out 287
with feed pressure between 20 and 90 kPa.288

289
290

291

The activation energy values obtained by fitting permeability and diffusivity data in the left 292

panels of figs. 5-7 by the Arrhenius equation are reported in Table III and IV, respectively.293

294
(kJ/mol)

Matrimid® 7.7 0.5 20.3 0.8 16 1 20.7 0.9

PEI 1.0 0.2 10 1 8 1 9.3 0.5

PLA 22.4 0.5 36.9 0.7 25.1 0.8 36 1

Table III: Activation energy values for permeation obtained in single gas tests fitting  data in in the left 295
panels of Figs. 5-7.296

297
298

(kJ/mol)

Matrimid® 32.5 0.4 29.5 0.3 24.5 0.8 28.7 0.9

PEI 20.0 0.6 21.9 0.7 16.7 0.5 21.9 0.7

PLA 39 1 46 1 39 1 47 1

Table IV: Activation energy values for diffusion obtained in single gas tests fitting data in the left panels 299
of Figs. 5-7.300

301

302
Because only few studies exist on the permeability of the penetrant in polymeric 303

membranes and no one reports separate values of permeability and diffusivity in the examined 304

and PLA membrane film in single gas and PLA membrane film in single gas 
data in the left panels of figs. 4data in the left panels of figs. 4--6 by the relation 6 by the relation 

y Information section.y Information section. PermeationPermeation

activation energy values obtained by fitting permeability and diffusivity data activation energy values obtained by fitting permeability and diffusivity data 

by the Arrhenius equation are reported by the Arrhenius equation are reported 

Matrimid® 7.7 7.7 0.5

PEIPEI 1.01.0

PLAPLA

: Activation energy values for permeation 
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polymeric membranes, it is worthy to compare transport data obtained with the , and 305

penetrants with literature values to assure the reliability of our experimental approach. Tables V, VI 306

and VII present values of gas transport parameters obtained in single gas conditions in experimental 307

tests carried out at near-ambient temperature with Matrimid®, PEI and PLA films. 308

309
310
311
312
313

(barrer) (barrer) (barrer) (cm2/s) (cm2/s) (cm2/s)
Ref.

8.1 0.3 0.29 0.02 1.8 0.1 (2.2 0.1) 
×10-9

(3.4 0.2) 
× 10-9

(1.7 0.1) 
× 10-8

This 
work

6.4 0.16 - - - - 21
7.3 0.22 1.46 3 × 10-9 1 × 10-9 5 × 10-9 22
8.9 0.25 1.7 2.9 × 10-9 2.4 × 10-9 1.3 × 10-8 23
9.8 0.31 - - - - 24

7.23 0.21 - 8.9 × 10-9 4.7 × 10-9 - 25
Table V: Gas permeability and diffusivity of Matrimid® films measured in single gas permeation tests at 314
300 ± 2 K and between 20 and 90 kPa. Experimental conditions of temperature ( ) and trans-315
membrane pressure ( ) for literature data: [21] 303 K, 2 to 6 bar; [22] 298 K, 2 bar; 316
[23] 293 K, 0.3 bar; [24] 298 K, bar; [25] 298 K, 10 bar.317

318
319
320
321
322

(barrer) (barrer) (barrer) (cm2/s) (cm2/s) (cm2/s)
Ref.

1.17 0.05 0.04 0.01 0.32 0.02 (8.5 0.4) 
× 10-9

(1.00 0.04) 
× 10-8

(3.6 0.1) 
× 10-8

This 
work

1.27 - 0.6 - - - 26
1.32 0.05 0.4 3.7 × 10-9 - - 27
1.48 0.05 0.38 - - - 28
1.4 0.06 - - - - 29

1.14 - - - - - 30
1.25 0.05 - 2.5 × 10-9 2.5 × 10-9 - 31

0.2 to 0.3 - - - - - 32
1.46 0.05 0.4 - - - 33

Table VI: Gas permeability and diffusivity of PEI films measured in single gas permeation tests at 295 ± 2 323
K and between 20 and 90 kPa. Experimental conditions of temperature ( ) and trans-membrane 324
pressure ( ) for literature data: [26] 298 K, 0.9 bar ; [27] 308 K, 10 bar ; [28] 308325
K, 3.5 bar ; [29] 308 K, 2 bar ; [30] 308 K, 3.5 bar ; [31] 298 K, 2 to 5 bar 326
; [32] 298 K, 2 to 6 bar; [33] 308 K, 10 bar.327

328
329
330
331
332

(cm(cm
(1.7 (1.7 0.1) 

×× 1010-8

-
1 × 101 × 10-99 5 × 10

2.4 × 102.4 × 10-99 1.3 × 10
-

8.9 × 10-9 4.7 × 104.7 × 10-9

as permeability and diffusivity of Matrimid® filmsas permeability and diffusivity of Matrimid® films measured in single gas measured in single gas 
Experimental conditions of temperature (Experimental conditions of temperature (

2121] ] 303 K,303 K,
298 K,298 K, bar; 

(barrer)(barrer) (barrer)
0.04 0.04 0.010.01
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333

(barrer) (barrer) (barrer) (cm2/s) (cm2/s) (cm2/s)
Ref.

1.12 0.05 0.05 0.02 0.29 0.02 (4.0 0.2) 
× 10-9

(7.1 0.4) 
× 10-9

(4.3 0.2) 
× 10-8

This 
work

1.12 0.04 - 3.76 × 10-9 7.0 × 10-9 - 19
1.1 0.05 0.26 4.4 × 10-9 2.4 × 10-8 5.7 × 10-8 34
1.2 0.05 - 4.8 × 10-9 2.4 × 10-8 - 35

1.71 - 0.13 - - - 36
Table VII: Gas permeability and diffusivity of PLA films measured in single gas permeation tests at 298 ± 334
2 K and values between 20 and 90 kPa. Experimental conditions of temperature ( ) and trans-335
membrane pressure ( ) for literature data: [19] 300 K, 0.4 bar; [34] 303 K, not 336
reported; [35] 308 K, 0.5 to 1 bar; [36] 298 K, 1 bar.337

338
339
340

Looking at data in these Tables we can observe good agreement between our experimental 341

data and literature data. Note also that our ideal selectivity value of 28 1 for Matrimid®342

is coincident with the value of 30 reported in the review of Castro-Munoz et al. on Matrimid® [37]. 343

Our ideal selectivity value of 28 1 for PEI well compares with literature PEI values ranging344

from 25 [29] to 30 [33]. Same consideration holds for our ideal selectivity values of 24 345

1 for PLA which well agrees with the value of 22 reported by Bao et al. [34] and with the value of 24 346

reported by Kamatsuka et al. [35].347

The comparison of activation energy values in Table III and IV with literature data also 348

evidences good compatibility. Activation energy values for permeation in Matrimid® range, in fact,349

from 5.9 to 9.0 kJ/mol for and from 13.6 to 20.2 kJ/mol for [23,38]; no data was found for 350

the activation energy for diffusion. Good compatibility also exists for PLA data: Bao et al. obtained 351

activation energy value for permeation of 18.5 and 34.6 kJ/mol for and , respectively [34] 352

while Auras found a value of 15.7 kJ/mol for [36]. For in PLA we only found the value of 37 353

1 kJ/mol reported by Bao et al. for [34]. Concerning PEI, we observe that our activation energy 354

values result lower that those indicated by Vega et al. which reported an activation energy value of 355

32.8 1.8 kJ/mol for permeation and of 36.0 0.3 kJ/mol for diffusion; the authors 356

reported same values, inside the experimental indetermination, for the respective activation 357

energies [31].358

359

To discuss the selective performances of the examined membrane samples, in Table360

V we report the numerical values of the and parameters pertinent to the and 361

penetrants, as obtained at near-ambient temperature in permeation tests carried out in single and 362

agreementagreement betweenbetween

selectivity valueselectivity value

reported in the review of Creported in the review of Castroastro

PEIPEI well compares withwell compares with

Same consideration holds for our ideal Same consideration holds for our ideal 

which well agrees with the value of 22 reported by Bao which well agrees with the value of 22 reported by Bao 

].

of activation energy values of activation energy values 

compatibilitycompatibility. A. Activation energy values forctivation energy values for

from 5.9 to 9.0 kJ/mol for from 5.9 to 9.0 kJ/mol for and from 13.6 to 20.2 kJ/mol for 

the activation energy for diffusion. Good compatibility also exists for PLA datathe activation energy for diffusion. Good compatibility also exists for PLA data
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mixed gas conditions. Corresponding values for and are reported in the Supplementary 363

Information section, see Tables SI1-SI3.364

365

366

Single Gas M224 M225
Matrimid®

300 2 K

PEI
295 2 K

PLA
298 2 K

    (Barrer)
  (cm2/s)

  (Barrer)
  (cm2/s)

  (Barrer)
(cm2/s)

  (Barrer)
  (cm2/s)

  (Barrer)
(cm2/s)

  (Barrer)
  (cm2/s)

8.1 ± 0.3
(2.2 ± 0.1) × 10-9

0.50 ± 0.03
(3.9 ± 0.2) × 10-9

1.17 ± 0.05
(8.5 ± 0.4) × 10-9

0.07 ± 0.01
(1.08 ± 0.04) × 10-8

1.12 ± 0.05
(4.0 ± 0.2) × 10-9

0.07 ± 0.01
(9.2 ± 0.4) × 10-9

7.9 ± 0.3
(2.3 ± 0.1) × 10-9

0.54 ± 0.03
(3.7 ± 0.2) × 10-9

1.15 ± 0.05
(8.0 ± 0.4) × 10-9

0.09 ± 0.01
(1.05 ± 0.05) × 10-8

1.10 ± 0.05
(3.8 ± 0.2) × 10-9

0.09 ± 0.01
(1.00 ± 0.04) × 10-8

8.0 ± 0.3
(2.1 ± 0.1) × 10-9

0.49 ± 0.03
(3.8 ± 0.2) × 10-9

1.17 ± 0.05
(8.1 ± 0.4) × 10-9

0.07 ± 0.01
(1.03 ± 0.04) × 10-8

1.10 ± 0.05
(3.8 ± 0.2) × 10-9

0.08 ± 0.02
(9.7 ± 0.6) × 10-8

Table VIII: and transport parameters measured in single gas tests and with the M224 and M225 gas 367
mixtures. Permeation tests were carried out with values between 20 and 90 kPa.368

369

The Matrimid® membrane sample exhibits at near-ambient temperature a single gas370

value of 0.50 0.03 Barrer which is larger than corresponding value for PEI, 0.07 0.01 Barrer,371

and for PLA, 0.07 0.01 Barrer. The ideal selectivity values of the examined membrane 372

films are equivalent inside their experimental uncertainty: at near-ambient temperature, in fact, the 373

ideal selectivity value is 16 1 for Matrimid®, 17 2 for PEI and 16 2 for PLA. These 374

values are lower than the corresponding ideal selectivity for each membrane sample. 375

As the temperature increases, the ideal selectivity of the examined membrane 376

samples decreases (see solid symbols in the upper panels of figs. 9-11) reaching the value of 9.6377

0.4 for Matrimid® at 60°C, of 10 1 for PEI at 69°C and of 9 1 for PLA at 65°C. Solid symbols in the 378

lower panel of figs. 10-12 report the ratio for the examined membrane samples, as a 379

function of temperature. It can be observed that, in the examined temperature interval, the 380

diffusivity is lower than that of : the ratio is, in fact, 0.6 in Matrimid®, 0.7 in PEI381

and 0.4 in PLA. We can thus conclude that the selective properties of all the examined 382

membrane samples have mainly a solution-selective character. 383

Indeed, the larger solubility in all examined polymer films is clearly favored by the larger 384

condensability of the specie ( 133 K for and 304 K for ) [20]: it is worth mentioning, 385

0.09 ± 0.01
(1.05 ± 0.05) × 10(1.05 ± 0.05) × 10--88

1.10 ± 0.051.10 ± 0.05
(3.8 ± 0.2) × 10(3.8 ± 0.2) × 10-9

0.09 ± 0.010.09 ± 0.01
(1.00 ± 0.04) × 10(1.00 ± 0.04) × 10

(1.03 ± 0.04) × 10(1.03 ± 0.04) × 10

transport parameters measured in single gas tests and with the M224 and M225 gas transport parameters measured in single gas tests and with the M224 and M225 gas 
. Permeation tests were carried out with . Permeation tests were carried out with values between 20 and 90 kPavalues between 20 and 90 kPa

membrane samplemembrane sample exhibits exhibits 

which iswhich is larger larger than

BarrerBarrer. T. The he ideal ideal 

inside their experimental uncertaintyinside their experimental uncertainty

selectivity valueselectivity value is

lower than the correspondinglower than the corresponding
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though, that a further positive contribution could arise from weak attractive interactions between 386

the quadrupolar CO2 molecule with the aromatic/polar backbones of the polymeric membranes.387

Looking at Tables III and IV, we observe that sorption in the examined polymeric films has an 388

exothermic character for both gases. The sorption enthalpy for solution is 389

negative and exhibits values of 8 2 kJ/mol for Matrimid®, 13 1 kJ/mol for PEI and 11 2 390

kJ/mol for PLA: all values lie close to the heat of condensation that is 6 kJ/mol [15]. The 391

values for are in absolute value larger, specifically 25 1 kJ/mol for Matrimid®, 19 1 392

kJ/mol for PEI and 17 1 kJ/mol for PLA, indicating a larger exothermic effect associated with the 393

sorption of such molecule. As a consequence, being the diffusion activation energy similar for the 394

two penetrants, and the ratio essentially constant with temperature, the permeability 395

increases with temperature more significantly for than for , resulting in the decrease of the 396

selectivity with temperature.397

398

Looking at Table V we observe that exposing the membrane samples to the ternary, -399

rich M224 gas mixture at near-ambient temperature, the and values are equal, to within 400

the experimental accuracy, to values obtained in single gas tests. With the PEI and PLA membrane 401

we can observe an apparent slight increase of the value: anyway necessary to remark that 402

this increase is of the same order as the experimental uncertainty. The near-ambient temperature 403

selectivity for the Matrimid® membrane exposed the - rich ternary M224 gas mixture 404

is similar to the ideal one obtained from pure gas data, 15 1 while it appears slightly decreased405

with the PEI membrane, 13 2, and with the PLA membrane, 12 2. The and parameters 406

pertinent to obtained with the M224 gas mixture exhibit values equal to those measured in 407

single gas tests. As in single gas tests, by increasing temperature the selectivity of the 408

examined membrane samples decreases (see open symbols in the upper panel of figs. 9-11) as 409

discussed above and due to the larger exothermic character of sorption. In the examined 410

temperature interval, membrane samples exhibit selectivity values similar to the ideal ones411

(see figs. 10 and 11). 412

Open symbols in the lower panel of figs. 9-11 report the ratio for the examined 413

membrane samples, as a function of temperature. Comparing permeability and diffusivity data 414

obtained in with the - rich M224 gas mixture we can conclude that in mixed gas tests the 415

separation is determined by the different solution properties of the permeants in the 416

matrix, similarly to what happens in single gas processes, in the pressure range inspected. It must 417

As a consequence, being the diffusion activation energy similar for the As a consequence, being the diffusion activation energy similar for the 

tially constant with temperature, the permeability tially constant with temperature, the permeability 

than for , resulting in t, resulting in t

xposing the membrane xposing the membrane 

ambient temperature, ambient temperature, the the 

obtained in single gas tests. obtained in single gas tests. 

slight increase of the slight increase of the 

of the same order as the experimental uncertainty. of the same order as the experimental uncertainty. 

for the Matrimid® membrane exposedfor the Matrimid® membrane exposed

the ideal onethe ideal one obtained from pure gas dataobtained from pure gas data

membrane,membrane, 13 13 
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be reminded that the pressure considered in the tests was sub-atmospheric to reproduce the 418

conditions encountered in NTP conversion processes.419

We also observe that the ratio is equal, inside the experimental indetermination, 420

to that obtained in single gas tests, evidence that the observed decrease of the selectivity 421

in multicomponent conditions is caused by the increase of the solubility in the membrane layers 422

when exposed to the - rich M224 gas mixture.423

424

Fig. 9: Matrimid® membrane. Upper panel: selectivity as a function of temperature. Lower panel: 425
diffusivity ratio as a function of temperature. Solid symbols: single gas tests. Open symbols: M224.426

427

Fig. 10: PEI membrane. Upper panel: selectivity as a function of temperature. Lower panel: 428
diffusivity ratio as a function of temperature. Solid symbols: single gas test. Open symbols: M224.429

: Matrimid® membrane. Upper panel: : Matrimid® membrane. Upper panel: selectivity as a function of temperature. Lower panel: 
as a function of temperature.as a function of temperature.
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430

Fig. 11: PLA membrane. Upper panel: selectivity as a function of temperature. Lower panel: 431
diffusivity ratio as a function of temperature. Solid symbols: single gas tests. Open symbols: M224.432

433

434

Looking at Table VIII we observe that the near-ambient temperature and values 435

obtained in permeation tests using the quaternary - lean M225 gas mixture are equal, to within 436

the experimental uncertainty, to the values obtained in single gas tests in all polymers. We also 437

observe that the value results equal, inside its experimental uncertainty, to the value measured 438

in single gas tests and the same occurs with the value. This behavior was observed in the 439

examined temperature range, see Tables SI1-SI3, indicating that the selectivity of the 440

examined membrane samples exposed to the quaternary mixture is comparable to the ideal one, 441

maybe due to the lower content of in this mixture. The selectivity decreases, indeed, 442

from 16 1 at near-ambient temperature to 10 1 at 60°C with Matrimid®, from 17 2 at near-443

ambient temperature to 10 1 for PEI and from 15 2 at near-ambient temperature to 9 1 at 444

65°C with PLA.445

446

Comparing data obtained in single and mixed gas tests we observe that the presence of 447

in the feed gas mixture does not alter the transport rates, suggesting that possible 448

interactions of the polar molecule with segments of the polymer chains as well as competitive 449

sorption in the polymer layers between and do not play a role in this transport process. 450

Our experimental results indicate that the transport rates using the M224 gas mixture 451

are slightly larger than those obtained in single gas test, while using the M225 gas mixture no 452

difference is observed. The content of the M225 mixture is half that in the M224 one, 453

selectivity as a function of temperatselectivity as a function of temperat
symbols: single gassymbols: single gas tests

we observe that the nearwe observe that the near-ambient temperature ambient temperature 

quaternary quaternary - lean

the experimental uncertainty, to the values obtained in single gas teststhe experimental uncertainty, to the values obtained in single gas tests

value results equal, insidvalue results equal, inside its experimental uncertainty, to the value measured e its experimental uncertainty, to the value measured 

same occurs with the same occurs with the 

examined temperature range, see , see Tabables

examined membrane samples exposed to the quaternary mixture is examined membrane samples exposed to the quaternary mixture is 

maybe due to the lower content of maybe due to the lower content of 

ambient temperature to 10



19

suggesting that the increase of the transport rates using the M224 gas mixture is connected to 454

the higher fraction of molecules dissolved in the polymer. However, the increase cannot 455

be attributed to induced plasticization effects: plasticization occurs, in fact, exposing the 456

polymer films to much larger pressures than those used for the present experimental tests (at 457

least 8-10 bar with Matrimid®, for example [39]). Moreover, experimental results do not show any 458

increase of the CO2 transport rates with the gas mixtures, which should be indicative of 459

plasticization. Possible explanations are minor variations of the free volume size distribution upon 460

dissolution favoring the molecular sorption or weak interactions between the quadrupolar 461

and polar molecules.462

Note that the scientific literature reports only moderate changes between gas permeability 463

values obtained in single gas and in mixed gas tests sometimes observed in studies dedicated to the 464

separation of / binary gas mixtures [40,41]. Furthermore, multicomponent effects are more 465

visible at higher pressures, while the experimental range examined here is sub-atmospheric, as 466

discussed above.467

468

It is worthy to compare the measured selective performances of the studied469

membrane samples with literature data. Dense Matrimid® films have been studied by David et al.: 470

the authors measured at 303 K in single gas tests with 2 to 6 atm feed pressure a value of 6.4 471

Barrer and ideal selectivity 14 [21]. Scholes et al. studied the separation properties of 472

Matrimid® membranes exposed to gas mixtures (16.2 % , 9.8 % , 63.2 % , 6.7 % , 2.8 % 473

) and evaluated at 308 K a value of 7.8 Barrer with ideal selectivity of 3.3 [42]. 474

Hamidavi et al. studied neat polyetherimide (PEI) films and measured at near-ambient temperature475

a value of 0.2 to 0.3 Barrer with ideal selectivity of 6: the authors evaluated a activation 476

energy value for permeation of 78.72 kJ/mol in the 300 to 328 K temperature interval [30]. These 477

data are presented in fig. 12 together with selectivity data obtained in the present study: for sake 478

of comparison here we also present selectivity values vs. values obtained from a paper 479

by Michaels et al. dedicated to a study of the flow of gases through polyethylene (PE) films with 480

different crystalline content [43]. This figure also shows literature data on the separation 481

properties of amorphous polymeric membranes prepared using different kind of fluorinated and 482

non fluorinated polyimides measured in single gas tests at 323 K with 10 atm feed pressure [44,45] 483

and at 298 K [46], data obtained by Cao et al. in a study on the permeation of gases through 484

polyurethane-polycarbonate membranes at 308 K in single gas tests [47], data pertinent to rubbery 485

literature reports only moderate changes betweenliterature reports only moderate changes between

ometimes observed in studies ometimes observed in studies 

Furthermore, multicomponent effects are more Furthermore, multicomponent effects are more 

visible at higher pressures, while the experimental range examined here is subvisible at higher pressures, while the experimental range examined here is sub

measuredmeasured

with literature data. with literature data. Dense Matrimid® films have been studied byDense Matrimid® films have been studied by

measured at 303 K in single gas tests with 2 to 6 atm feed pressure measured at 303 K in single gas tests with 2 to 6 atm feed pressure 

ideal selectivity ideal selectivity 

Matrimid® membranes exposed to gas mixtures Matrimid® membranes exposed to gas mixtures 

at 308 K308 K
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poly(dimethylsiloxane) (PDMS), to a glassy PTMSP poly(1-trimethylsilyl-1-propyne) (PTMSP) 486

membrane exposed at 308 K to a simulated syngas (1.5 % , 10.5 % , 46% and 42 % ) 487

[48] and to rubbery polyether-polyamine (Pebax) membranes at 308 K with 10 atm feed pressure in 488

single gas conditions [49]. More detailed information can be found in the Supplementary 489

Information section, see Table SI4.490

Fig. 12 contains also the upper bond correlation among selectivity and permeability for the 491

separation of the gas couple  , in the trade-492

work for the first time. It is noteworthy that such upper bound line in the log-log plot was 493

determined in a purely empirical fashion, similarly to the original reference and was found to be 494

[50,51]. It appears from the plot that Matrimid® does not lie exactly on the upper 495

bound but has intermediate values of permeability and selectivity that could make it a good 496

candidate for the removal of from - containing streams, such as those coming from NTP 497

conversion498

499

Fig. 12: selectivity vs. permeability. Continuous line refers to the proposed upper-bound 500
50,51]. Solid black circle and solid black squares refer to the 501

Matrimid® and PEI films tested in the present study. Open black triangle: Matrimid® film [21]. Open black 502
diamond: Ultem® film [32]. Crossed circles: polyimide films [44,45]. Open red circles: polyurethane-503
polycarbonate films [47]. Open blue squares: polyethylene films [42]. Open blue diamond: natural rubber 504
[42]. Open blue triangles: polyether-polyamine films [49]. Open red square: poly(1-trimethylsilyl-propyne) 505
film [48]. Open green triangle: polydimethyl siloxane films [48]. 506

507
508

Conclusions509

The pure and mixed gas permeation of - rich gas mixtures containing and   have 510

been investigated for Matrimid®, PEI and PLA membrane films with the aim of exploring such 511

materials in the purification of mixtures coming from the process of reforming by non-thermal 512

determined in a purely empirical fashion, similarly to the original referencedetermined in a purely empirical fashion, similarly to the original reference

It appears from the plot that Matrimid® does not lie exactly on the upper It appears from the plot that Matrimid® does not lie exactly on the upper 

alues of permeability and selectivity that could make it a good alues of permeability and selectivity that could make it a good 

containing streams, such as those coming from NTP containing streams, such as those coming from NTP 
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plasma. Data were obtained with a novel mass spectrometric apparatus which allows to monitor 513

accurately the permeate mixture composition as a function of time, and thus obtained 514

multicomponent diffusivity and permeability values. Single-gas tests indicate that the examined515

membrane samples present near-ambient temperature values 17 for the ideal / selectivity 516

offering the Matrimid® membrane the highest permeability value, 0.50 0.03 Barrer. Increasing 517

temperature, the ideal / selectivity of all samples decreases reaching Matrimid® a selectivity 518

value of 10 at 60°C. In the studied membrane samples, the / selectivity has a solution-519

selective character. Indeed, is always the more permeable component in the mixture despite 520

having a smaller diffusivity than , thanks to its high solubility in the polymers, which is largely due 521

to its higher condensability. The CO2/CO selectivity decreases with temperature for all polymers, 522

which is consistent with previous data on other polymers and with the fact that the sorption 523

has a larger exothermic effect than that of . The permeability and diffusivity values do not 524

show significant variations compared to single gas tests using - rich gases as feed mixture and 525

only a limited increase of the transport rate  is observed in the presence of high amounts of 526

in the mixture.527

A tentative upper bound has been drawn for the mixture for which there 528

is lack of data in the literature, and very poor analysis of the obtained results. By looking at this plot, 529

it can be concluded that Matrimid®, lying approximately at the middle of the curve with 530

intermediate values of permeability and selectivity could be a good candidate as membrane for the 531

removal of from mixtures containing CO, such as those coming from plasma reformed mixtures 532

and syngas.533

534

535

, thanks to its high solubility in the polymers, which is largely due , thanks to its high solubility in the polymers, which is largely due 

/CO selectivity decreases with temperature for a/CO selectivity decreases with temperature for a

and with the fact that the and with the fact that the 

permeability and diffusivity values do not permeability and diffusivity values do not 

show significant variations compared to single gas tests using show significant variations compared to single gas tests using 

transport rate  transport rate  is observed in the presence of high amounts of is observed in the presence of high amounts of 

upper bound has been drawn for upper bound has been drawn for 

, and very poor analysis of the obtained results, and very poor analysis of the obtained results

it can be concluded that Matrimid®, lying apprit can be concluded that Matrimid®, lying appr

intermediate values of permeability and selectivity could be a good candidate as membrane for the intermediate values of permeability and selectivity could be a good candidate as membrane for the 

from mixtures containing CO, such as those coming from plasma reformed mixtures from mixtures containing CO, such as those coming from plasma reformed mixtures 
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654
SUPPLEMENTARY INFORMATION655

656
657

658
Fig. SI1: mass signals obtained at 298 2 K with the PLA film sample exposed to pure , and 659

gases ( 45 1 kPa) and to the dry air mixture ( 72 1 kPa). 660
661
662

663
Fig. SI2: mass signals obtained at 295 2 K with the PEI film sample exposed to the M224 gas 664
mixture ( 45 1 kPa). 665

666
667

668
Fig. SI3: mass signals obtained at 300 2 K with the Matrimid® film sample exposed to the M225 669
gas mixture ( 72 1 kPa). 670

671
672

mass signals obtained at mass signals obtained at 
1 kPa). 1 kPa). 

with the PLA film samplewith the PLA film sample exposed toexposed to
72 72 1 kPa). 
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673
Fig. SI4: Plot of the diffusivity value of the examined penetrants in Matrimid® obtained at 300 K as a 674
function of the squared Lennard-Jones molecular size ( values are reported in Table II). The deuterium 675
( ) diffusivity value is also reported. This value was evaluated fitting by eq. 5 a normalized D2 permeation 676
curve obtained at 300 2 K and feed pressure of 40 kPa (see inset).677

678
679
680
681

Matrimid® 300 2 K 315 2 K 323 2 K 333 2 K
                         SG

            M224
(Barrer)        M225

8.1 0.3
7.9 0.3
8.0 0.3

9.5 0.3
9.7 0.3
9.6 0.3

10.1 0.3
10.0 0.3
10.0 0.3

11.1 0.3
11.3 0.3
11.2 0.3

                        SG
             M224

(Barrer)        M225

0.50 0.03
0.54 0.03
0.49 0.03

0.77 0.03
0.74 0.03
0.75 0.03

1.00 0.04
0.81 0.05
0.95 0.06

1.14 0.04
1.16 0.04
1.13 0.06

                          SG
            M224

(cm2/s)          M225

(2.2 0.1) × 10-9

(2.3 0.1) × 10-9

(2.1 0.1) × 10-9

(4.1 0.1) × 10-9

(4.2 0.1) × 10-9

(4.1 0.1) × 10-9

(5.2 0.2) × 10-9

(5.0 0.2) × 10-9

(5.1 0.2) × 10-9

(8.0 0.3) × 10-9

(7.5 0.3) × 10-9

(7.6 0.3) × 10-9

                          SG
              M224

(cm2/s)          M225

(3.9 0.2) × 10-9

(3.7 0.2) × 10-9

(3.8 0.2) × 10-9

(7.1 0.3) × 10-9

(6.7 0.3) × 10-9

(6.8 0.3) × 10-9

(9.3 0.3) × 10-9

(9.0 0.3) × 10-9

(9.0 0.3) × 10-9

(1.22 0.05) × 10-8

(1.14 0.05) × 10-8

(1.16 0.05) × 10-8

                         SG
            M224

(Barrer)        M225

1.8 0.1
1.8 0.1
1.7 0.1

2.6 0.1
2.6 0.1
2.7 0.1

3.1 0.1
3.0 0.1
3.0 0.1

3.4 0.1
3.4 0.2
3.3 0.1

                          SG
              M224

(cm2/s)          M225

(1.7 0.1) × 10-8

(1.7 0.1) × 10-8

(1.7 0.1) × 10-8

(2.7 0.1) × 10-8

(2.7 0.1) × 10-8

(2.8 0.1) × 10-8

(3.2 0.1) × 10-8

(3.1 0.1) × 10-8

(3.2 0.1) × 10-8

(4.5 0.1) × 10-8

(3.9 0.2) × 10-8

(4.2 0.2) × 10-8

                SG
(Barrer)        M225

0.29 0.02
0.27 0.03

0.44 0.02
0.42 0.03

0.50 0.02
0.51 0.03

0.65 0.02
0.64 0.03

                SG
(cm2/s)          M225

(3.4 0.2) × 10-9

(3.4 0.3) × 10-9
(5.9 0.2) × 10-9

(6.0 0.3) × 10-9
(8.0 0.2) × 10-9

(8.3 0.3) × 10-9
(1.10 0.03) × 10-9

(1.10 0.05) × 10-9

Table SI1: Permeability and diffusivity numerical values of , , and in the Matrimid® membrane sample682
( between 20 and 90 kPa).683

684
685
686
687
688
689

Fig. SI4: Plot of the diffusivity value of the examined penetrants in Matrimid® obtained at Fig. SI4: Plot of the diffusivity value of the examined penetrants in Matrimid® obtained at 
values are reported in Table II)values are reported in Table II)

This value was evaluated fitting by eq. 5 a normalized DThis value was evaluated fitting by eq. 5 a normalized D
(see inset)(see inset).

315315 2 KK
9.59.5 0.3
9.7 0.3
9.6 9.6 

0.03
0.030.03

0.49 0.030.03

0.77 

(2.2 0.1) × 100.1) × 10-99

(2.3 (2.3 0.1) × 100.1) × 10-9

(2.1 (2.1 0.1) × 100.1) × 10
(3.9 (3.9 0.2) × 10
(3.7 (3.7 0.2) × 10
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690
691

PEI 295 2 K 311 2 K 321 2 K 342 2 K
                         SG

            M224
(Barrer)        M225

1.17 0.05
1.15 0.05
1.17 0.05

1.18 0.05
1.16 0.05
1.16 0.05

1.19 0.05
1.17 0.05
1.18 0.05

1.24 0.05
1.22 0.05
1.24 0.05

                        SG
             M224

(Barrer)        M225

0.07 0.01
0.09 0.01
0.07 0.01

0.08 0.01
0.10 0.01
0.09 0.01

0.10 0.01
0.13 0.01
0.11 0.01

0.12 0.01
0.17 0.01
0.12 0.01

                          SG
            M224

(cm2/s)          M225

(8.5 0.4) × 10-9

(8.0 0.4) × 10-9

(8.1 0.4) × 10-9

(1.20 0.05) × 10-8

(1.20 0.05) × 10-8

(1.20 0.05) × 10-8

(1.7 0.1) × 10-8

(1.5 0.1) × 10-8

(1.7 0.1) × 10-8

(2.7 0.1) × 10-8

(2.8 0.1) × 10-8

(2.8 0.1) × 10-8

                          SG
              M224

(cm2/s)          M225

(1.08 0.04) × 10-8

(1.05 0.04) × 10-8

(1.03 0.04) × 10-8

(1.95 0.07) × 10-8

(1.72 0.07) × 10-8

(1.81 0.07) × 10-8

(2.5 0.1) × 10-8

(2.2 0.1) × 10-8

(2.4 0.1) × 10-8

(3.7 0.1) × 10-8

(3.7 0.1) × 10-8

(3.6 0.1) × 10-8

                         SG
            M224

(Barrer)        M225

0.32 0.02
0.30 0.02
0.32 0.02

0.35 0.02
0.34 0.02
0.35 0.02

0.38 0.02
0.37 0.02
0.37 0.02

0.50 0.02
0.49 0.02
0.50 0.02

                          SG
              M224

(cm2/s)          M225

(3.6 0.1) × 10-8

(3.5 0.1) × 10-8

(3.4 0.1) × 10-8

(5.0 0.1) × 10-8

(5.1 0.1) × 10-8

(5.2 0.1) × 10-8

(6.0 0.1) × 10-8

(6.0 0.1) × 10-8

(6.1 0.1) × 10-8

(9.5 0.1) × 10-8

(9.3 0.1) × 10-8

(9.5 0.1) × 10-8

                SG
(Barrer)        M225

0.04 0.01
0.05 0.02

0.04 0.01
0.04 0.02

0.05 0.01
0.05 0.01

0.07 0.01
0.07 0.01

                SG
(cm2/s)          M225

(1.01 0.03) × 10-8

(1.1 0.1) × 10-8
(2.00 0.03) × 10-8

(2.0 0.1) × 10-8
(2.24 0.03) × 10-8

(2.3 0.1) × 10-8
(3.51 0.03) × 10-8

(3.4 0.1) × 10-8

Table SI2: Permeability and diffusivity numerical values of , , and in the PEI membrane sample (692
between 20 and 90 kPa).693

694
695

PLA 298 2 K 308 2 K 328 2 K 338 2  K
                         SG

            M224
(Barrer)        M225

1.12 0.05
1.10 0.05
1.10 0.05

1.39 0.05
1.35 0.05
1.37 0.05

2.5 0.1
2.5 0.1
2.6 0.1

3.2 0.1
3.1 0.1
3.1 0.1

                        SG
             M224

(Barrer)        M225

0.07 0.01
0.09 0.01
0.08 0.02

0.10 0.01
0.14 0.01
0.12 0.02

0.24 0.01
0.28 0.01
0.25 0.02

0.37 0.02
0.40 0.02
0.38 0.02

                          SG
            M224

(cm2/s)          M225

(4.0 0.2) × 10-9

(3.8 0.2) × 10-9

(3.8 0.2) × 10-9

(5.6 0.2) × 10-9

(5.7 0.2) × 10-9

(5.7 0.2) × 10-9

(1.68 0.06) × 10-8

(1.60 0.06) × 10-8

(1.62 0.06) × 10-8

(2.4 0.1) × 10-8

(2.4 0.1) × 10-8

(2.4 0.1) × 10-8

                          SG
              M224

(cm2/s)          M225

(9.2 0.4) × 10-9

(1.00 0.04) × 10-8

(9.7 0.6) × 10-9

(1.61 0.08) × 10-8

(1.50 0.06) × 10-8

(1.55 0.06) × 10-8

(5.4 0.2) × 10-8

(5.2 0.2) × 10-8

(5.1 0.2) × 10-8

(8.7 0.3) × 10-8

(9.0 0.4) × 10-8

(8.7 0.4) × 10-8

                         SG
            M224

(Barrer)        M225

0.29 0.02
0.30 0.02
0.30 0.02

0.40 0.02
0.41 0.02
0.40 0.03

0.73 0.04
0.70 0.04
0.71 0.04

1.04 0.04
0.92 0.05
0.95 0.05

                          SG
              M224

(cm2/s)          M225

(4.3 0.2) × 10-8

(4.1 0.2) × 10-8

(4.1 0.2) × 10-8

(6.0 0.2) × 10-8

(7.1 0.2) × 10-8

(7.0 0.2) × 10-8

(1.8 0.1) × 10-7

(1.8 0.1) × 10-7

(1.9 0.1) × 10-7

(2.5 0.1) × 10-7

(2.4 0.1) × 10-7

(2.3 0.1) × 10-7

                SG
(Barrer)        M225

0.05 0.01
0.04 0.01

0.07 0.01
0.06 0.01

0.19 0.01
0.20 0.02

0.26 0.02
0.26 0.03

                SG
(cm2/s)          M225

(7.1 0.4) × 10-9

(7.0 0.3) × 10-9
(1.2 0.1) × 10-8

(1.1 0.2) × 10-8
(4.0 0.2) × 10-8

(4.0 0.3) × 10-8
(6.1 0.3) × 10-8

(6.0 0.4) × 10-8

Table SI3: Permeability and diffusivity numerical values of , , and in the PLA membrane sample (696
between 20 and 90 kPa).697

698

0.07 0.07 0.01
0.09 0.09 
0.08 

0.1) × 100.1) × 10
0.1) × 100.1) × 10

0.38 0.020.02
0.37 0.020.02
0.37 0.37 0.020.02

0.1) × 10-8

(6.0 (6.0 0.1) × 100.1) × 10
(6.0 (6.0 0.1) × 10
(6.1 (6.1 

0.010.01
0.04 0.020.02

0.05 

(2.00 (2.00 0.03) × 100.03) × 10-88

(2.0 (2.0 0.1) × 100.1) × 10-8

Permeability and diffusivity numerical values of Permeability and diffusivity numerical values of 

2 KK
1.12 0.050.05
1.10 0.050.05
1.10 1.10 0.050.05
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699
700

Membrane
sample (barrer) (*) (kJ/mol) (kJ/mol)

Test
conditions

Ref.

Matrimid® 8.1 0.3 17 1 7.7 0.5 20.7 0.9 SG This work
PEI 1.17 0.05 17 1 1.0 0.2 9.3 0.5 SG This work
PLA 1.12 0.05 16 1 22.4 0.5 36 1 SG This work

Matrimid® 6.1 14 8.1 16.5 SG [39]
Ultem® 1000 0.3 6 34.37 78.72 SG [30]

PE (Grex) 0.36 1.87 30.15 39.37 SG [40]
PE (Alathon) 12.63 8.50 38.95 46.49 SG [40]

PE (Hydropol) 48.42 7.83 36.44 44.81 SG [40]
Natural rubber 154 9.75 21.78 31 SG [40]

PDMS 3200 6.4 2.2 11 GM (**) [36]
PTMSP 18200 3.4 -6.5 -2.1 GM (**) [36]

Pebax 2533 350 15.9 6.5 19.4 SG [46]
Polyimide 1.48 22.7 12.8 23.4 SG [43]

Table SI4  701
(*) values measured at near-ambient temperature.702
SG: Single Gas703
(**) GM: Gas mixture 1.5 % , 10.5 % , 46% and 42 % 704

(**)
(**)(**)

SGSG
SGSG
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