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Abstract

Gas-separation membranes are a critical industrial component for a low-carbon and energy-
efficient future. As a result, many researchers have been testing membrane materials over the past
several decades. Unfortunately, almost all membrane-based testing systems are home-built, and
there are no widely accepted material standards or testing protocols in the literature, making it
challenging to accurately compare experimental results. In this multi-lab study, ten independent
laboratories collected high-pressure pure-gas permeation data for Hz, Oz, CHs4, and N2 in
commercial polysulfone (PSf) films. Equipment information, testing procedures, and permeation
data from all labs were collected to provide (1) accepted Ho, O2, CH4, and N2 permeability values
at 35°C in PSf as a reference standard, (2) statistical analysis of lab-to-lab uncertainties in
evaluating permeability, and (3) a list of best practices for sample preparation, equipment set-up,
and permeation testing using constant-volume variable-pressure apparatuses. Results summarized
in this work provide a reference standard and recommended testing protocols for pure-gas testing

of membrane materials.

1. Introduction

New gas separation membrane materials continue to be developed every year (Figure 1).
Despite the field’s rapid growth, there are no widely accepted standards and best practices for
testing, making it difficult to cross-validate experimental protocols and reliably compare results
between labs. Despite a few recent efforts to commercialize membrane testing equipment,

permeation systems are frequently home-built, resulting in protocols and calibration methods that
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are different for each lab. Making this situation more complex, experimental methods and
calibration details are often missing from publications. As a result, incoming membrane scientists
can have a difficult time designing and calibrating new testing equipment. Given the current state
of the field, experimental variability is expected, but heuristically, such variability becomes even
more pronounced with increasingly complex materials chemistries (e.g., super-glassy polymers,
multi-dimensional nanomaterials, and hybrid mixed-matrix membranes), which have gained
traction due to their ability to outperform traditional polymer membranes [1-3]. These non-
equilibrium and heterogeneous structures result in permeation data that can be highly sensitive to
subtle changes in environmental conditions and experimental variables [2,4]. As the accessible
permeation properties (i.e., permeability and selectivity) for new materials continue to expand and
the membrane science community continues to grow, the need to establish community-wide

standards becomes more urgent.
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Figure 1. Growth in the number of publications related to gas separation membranes. Data were

collected through a search in Scifinder®using “Gas Separation Membrane(s)” as keywords.
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Reproducibility matters in all areas of research [5-8]. Researchers in the fields of biology
and social sciences have spearheaded efforts to build awareness around reproducibility [9-11], and
many standardization studies have been developed broadly within the scientific community. In
terms of adsorbent materials, Sholl and coworkers have evaluated the variability in metal-organic
framework (MOF) syntheses [12] as well as considering variability in MOF sorption isotherms
[13] for thousands of reported data, resulting in a short but helpful list of recommendations to
encourage researchers to make their science more reproducible [14]. In the separations community,
studies to standardize testing of zeolite adsorption [15] and osmotically driven processes [16] have
been well-received, and recommendations to bridge the gap between academic and industrial
evaluation of mixed-gas separation have been recently reported [17]. Aiming to further these
efforts, in 2019, a report by the National Academies of Sciences, Engineering, and Medicine

encouraged the membrane community to develop standards for transport testing systems [18].

This study was designed to establish permeation testing protocols for the membrane
community. A detailed overview of experimental techniques used for permeation testing can be
found elsewhere [19]. To the best of our knowledge, the only published standard on gas
permeability came from the American Society for Testing and Materials (ASTM, D1434) in 1982.
This study determined gas permeability in plastic films and film sheeting, and included an
interlaboratory analysis from 1965 using polyethylene, polypropylene, and a commercial polyester
(Mylar 100A and 65HS) [20]. These polymers are usually semi-crystalline polymers and therefore
not as frequently used for gas separation applications. Unfortunately, when considering
commercial samples of more commonly used glassy or rubbery materials, there are no widely
accepted standards for pure-gas permeation, and correspondingly, there are no surveys of methods

that describe experimental protocols. In response to these missing pieces of information, this study



10

11

12

13

14

15

16

17

18

19

20

21

22

provides: (1) a standard measurement protocol for membrane-based permeation testing across
multiple laboratories and (2) a reference standard for groups to use when evaluating a new
constant-volume variable-pressure permeation system. We report Hz, Oz, N2, and CH4 permeation
for a commercial PSf film at 10 bar, 15 bar, and 20 bar, collected from ten different labs in the
membrane community. Detailed equipment information, testing procedures, and as-submitted data
were used to define accepted values for permeabilities, time lags, and diffusion coefficients.

Finally, recommended practices for minimizing variation in permeation testing are provided.

2. Theory and methods
Gas transport in a polymer film is frequently described using the sorption—diffusion model
[21]:
P=DxS (1D
where P is the permeability or the pressure- and thickness- normalized flux through a film in units
of barrer (10°° cm3sre cm 350 cm? cmHg? s), D is the concentration-averaged diffusion

coefficient (cm? s%), and S is the sorption coefficient (cm3ste cm 3501 cmHg ™).

Sorption coefficients can be obtained directly from sorption experiments or indirectly by
the time-lag method. In the former case, sorption isotherms of glassy polymers such as PSf are

often interpreted using the dual-mode sorption (DMS) model [22]:

(2)

where C is the concentration of gas in the polymer (cm®ste cm3y01), p is the equilibrium pressure
(cmHg), C}; is the Langmuir capacity (cmPste cm3pa), kp is the Henry’s law constant (cm3ste
cm 3por cmHg™), and b is the Langmuir affinity constant (cmHg™). In a typical sorption

experiment, the sorption coefficient is calculated by dividing the concentration of gas sorbed in

5
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the polymer by pressure (Eq. 3). Using the DMS model, permeability can be written as Eq. 4 [23].
A generalized equation with this functional form and three parameters (X, y, and z) was used to fit
the permeation data gathered in this study. The fitted parameters are simply used to match the
expected mathematical form of the transport relationship. Therefore, these parameters should not
be ascribed any physical meaning, but instead, should be viewed as best-fit parameters for reported

permeabilities.

Ciyb
Cyb yz
P=D = 4
><<kD+1+bp> x+1+zp )

The diffusion coefficients can be calculated by monitoring transport kinetics and solving
Fick’s second law with appropriate initial and boundary conditions [24]. Under the assumption of
concentration-averaged diffusion coefficients, time-lag analysis [25,26] or kinetic sorption
experiments are frequently used to determine diffusion coefficients [24,27]. For time-lag analysis,
one-dimensional diffusion equations are solved assuming isotropic membrane materials [28]. In

this case, the total amount of gas that flows through a flat-sheet membrane at steady-state is defined

as Qq:

_ DG, 12

where [ is the membrane thickness (cm), t is the time (s), and D is the diffusion coefficient (cm?
s1). For these experiments, both sides of the film are initially under vacuum, so the penetrant
concentration of the entire system is C = 0 at t = 0. Pressure is applied instantaneously at the

upstream face of the film, and assuming rapid sorption at the surface, a concentration of C, is
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maintained just inside of the upstream film boundary for the entirety of the experiment.
Conversely, the downstream is maintained under vacuum for the entirety of the experiment,
requiring a concentration of C = 0 at this interface. After the permeation test, Q, is plotted against
time, and according to Eq. 5, the x-intercept is defined as the time-lag (6), where the diffusion
coefficient is defined as [28]:

lZ

D=—
66

(6)

2.1. Constant-volume variable-pressure testing apparatus

Pure-gas permeation testing is often performed using either a constant-volume variable-
pressure apparatus or a constant-pressure variable-volume apparatus. The latter is more typically
used for highly permeable films or composite membranes, or for evaluation of gas mixtures [19].
Constant-volume variable-pressure systems require the evaluation of flux into a known volume.
As a result, this method can be used for (1) permeability testing in materials with very low
penetrant flux (e.g., PSf) and (2) collection of the time-lag diffusion data. This study focuses on

standardization for pure-gas testing in a constant-volume variable-pressure apparatus.

A schematic of a generalized constant-volume variable pressure system is shown in Figure
2. In a typical permeation test, the entire system and sample is evacuated to remove residual gases
or moisture. The temperature is controlled by a water or air bath. The permeation cell, typically an
in-line stainless steel filter holder, is sealed with two o-rings that contain the membrane sample.
Next, the upstream is filled with the gas of interest at a set upstream pressure monitored by the
upstream pressure transducer (P,). To begin a test, the upstream and downstream volumes are
isolated with a valve and gas is pressurized at the upstream face of the sample. The gas permeates

through the film and accumulates in the downstream volumes (V; or V). The downstream pressure

7
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must be significantly lower than the upstream pressure to maintain a near constant pressure
differential across the film. A downstream pressure transducer (Py) is used to monitor the pressure

rise in the downstream volume.
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Figure 2. Generalized schematic of a constant-volume variable-pressure permeation system,
where R is the pressure regulator, P; and P, are the downstream and upstream pressure

transducers, and V; and V, are downstream volumes. This image was adapted from reference [19].

Pure-gas permeability, P, is calculated according to Eq. 7:

e _ngAR T [(ddil>ss B (%)lk] (7)

where p, is the average upstream pressure (cmHg), p; is the average downstream pressure

dpq

(cmHg), V, is the volume in the downstream (cm?), (dt

) is the steady state pressure rise in the
SS

dp1

downstream (cmHg s™2), ( —

) is the leak rate (cmHg s™1), and A is the cross-sectional area of
leak

8
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the sample exposed to the permeating gas (cm?). The term T is the absolute temperature (K), and
R is the ideal gas constant (0.278 cmHg cm?® cm3ste K1), Adjustments for fugacity are commonly

considered to calculate permeability for condensable gases at elevated pressures or temperatures.

2.2. Multi-lab experimental procedure and materials

2.2.1. Materials: PSf was identified as a suitable reference material due to its commercial
availability as a film [29,30], moderately low aging susceptibility compared to other bulk glassy
polymer films [31], and absence of crosslinking agents or additives in its casting, as is common

with rubbery materials such as PDMS [32].

2.2.2. Multi-lab study protocol: Ten laboratories participated in this study, including industrial
and academic participants. The testing capabilities and specific configurations of the systems used
by each participant ranged in style from home-built to manual or automatic systems. All

laboratories were required to:
(1) Purchase commercial PSf films from Goodfellow & Co. (SU341025).

(2) Prepare three individual samples for testing and test Hz, O2, N2, and CH4 at 10 bar, 15

bar, and 20 bar at 35 °C using standard testing protocols for each participating lab.

(3) Analyze the data and submit the results using the Word and Excel templates shown in

Appendix 1 of the Supplementary Information (SI).

Since permeation tests may be carried out with different apparatus configurations, each lab
was asked to provide a detailed experimental procedure (cf. Appendix 4 of the SI) and detailed
information on testing equipment, including the temperature control (i.e., air or water heated
systems), type of film support (i.e., aluminum tape, epoxy, etc.), leak rate, testing times, etc. This

data is summarized in Tables S3-7 and all data are reported anonymously (e.g., Lab 1).
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This study focuses on establishing a literature reference material with permeabilities and
uncertainties expected from identical samples tested in different laboratories and using non-
plasticizing gases. Similar work for other testing instrumentation (e.g., variable-volume constant-
pressure testing equipment, mixed-gas permeation, and pure- and mixed-gas sorption) or other gas
penetrants (e.g., CO.) are of high interest but beyond the scope of this study. Commercial films
were intentionally selected to minimize sample-to-sample variability associated with synthetic
procedures, casting protocols, or treatment conditions. In this way, we aim to evaluate only
variability in testing and not variability in sample synthesis and preparation. Of course,
reproducibility in sample synthesis and preparation is critical for methods development, as others
have reported for materials such as MOFs [12]. Such considerations would be of great interest to

the membrane community for future studies as well.

2.2.3. Self-reported data: Participants submitted permeation data for three separate PSf films
tested at 10 bar, 15 bar, and 20 bar. Due to limited experimental capabilities, some labs only
provided data at lower pressures or for a subset of gases. For Lab 6, three sets of data were provided
in duplicate. Therefore, the results are reported as averages of as-submitted values without standard
deviations (SDs). If accessible, researchers provided time-lag values for films tested at 10 bar.
Diffusion coefficients were calculated using the submitted time-lag values and self-reported
thicknesses. When possible, permeation, time-lag, and diffusion coefficients are reported as the

average of three measurements including SDs.

2.2.4. Statistical analysis, fitting, and data re-calculation: Box and whisker plots were generated
for the self-reported permeation and time-lag data. The interquartile range was defined as the
difference between the first quartile (Q1) and the third quartile (Q3), which represent the 25" and

75" percentile of the dataset [33]. All box and whisker plots include the mean and median, narrow

10
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colored whiskers denoting one standard deviation from the mean, and wide black whiskers

representing two standard deviations from the mean (i.e., the 95% confidence interval (CI)).

To estimate the contribution of human error associated with transport rate calculations, the
permeability and time-lag values were manually re-calculated by a third party at MIT using the
raw data provided by each lab (cf. Appendix 3 of the SI). Additionally, Eq. 4 was used to develop
a consensus set of permeation data among the labs for PSf permeability over the range of pressures
considered (i.e., 10-20 bar). Parameters x, y, and z were obtained by fitting the self-reported
permeabilities to Eq. 4. The nonlinear optimization was run in MATLAB using the following

objective function:

7 2
Zi (x + 1 _}Il_ Zp - Pexpt,i)
N

(8)

(x,y,z) = arg min
p=10,15,20

p

where N is the number of sample points at the given pressure p, and Py, is the self-reported

permeability. The uncertainties in the consensus permeability values were calculated for each

. ’Zi(xiN— Vi)? ©)

where x; is the experimental permeability, y; is the permeability determined from Eq. 4 using the

pressure using Eq. 9:

best fit parameters, and N is the total number of data points at each of the pressures considered.
The normality of the data was confirmed using a Shapiro-Wilk test, where a p value greater

than 0.05 indicates a normal distribution [33]. Test statistics for the Hz, Oz, N2> and CH4 datasets

at each pressure are shown in Table S1 of the SI. Co-dependencies between permeability and

parameters such as thickness, area, temperature, leak rate, pressure transport rate, and hold times

11
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were evaluated by extracting R? values. R? values near zero indicate minimal dependencies (cf.
Appendix 2 of the Sl). Z-scores were calculated according to Eq. 10 to provide a normalized

spread of the data.

(10)

where x is the observed value of permeability or selectivity at a given pressure, u is the average

value, and g, is the standard deviation.

3. Results and Discussion

3.1. Permeability data: Self-reported Hz, Oz, N2 and CH4 permeabilities tested at approximately
10 bar, 15 bar, and 20 bar are shown in Figure 3 and Table 1. Interestingly, the reported standard
deviations varied widely from lab to lab, indicating significant variability from test to test using
the same pieces of equipment. At 10 bar, for instance, the standard deviations ranged from 1.1%
to 13.6% for Hz, 1.6% to 6.7% for Oz, 1.8% to 16.6% for N2 and 3.2% to 7.1% for CHs. These
variations indicate that testing conditions and equipment specifications can lead to significant
differences in reported permeation results. When high-pressure data was provided, the Oz, N2 and
CHas permeabilities generally decreased with increasing pressure, consistent with the dual-mode

model and represented by Eq. 4.
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Box and whisker plots indicating mean, median, and standard deviation bounds for the
permeability measurements are shown in Figure 4 and Table 1. The majority of self-reported
permeabilities for all gases were within a standard deviation from the mean (cf. Tables 1 and S2),
with the exception of values for Labs 1, 2, 3, and 5. This finding is consistent with statistical
expectations in uncertainty. For Hz, O, and N2, permeability values from Labs 2 and 3 were
consistently higher than the other labs, where Lab 2 showed positive z-score values above 1.6 for
every sample (cf. Table S2). On the other hand, for CH4 and H., permeabilities from Lab 5 were
often below a standard deviation from the mean. Above 10 bar, the confidence in permeabilities
decreased for Hz and O> due to a smaller available sample pool. Overall, the permeabilities for
most gases were within two standard deviations from the mean, with the exception of one outlier
for CH4 permeability of Lab 2 at 10 bar (Z-score = 2.37). Again, these results are consistent with
statistical expectations. Moreover, as shown in Figure S1, the spread of the data was relatively
consistent from gas to gas and pressure to pressure, with most permeability values ranging from
approximately one standard deviation below the mean to two standard deviations above the mean.

Potential factors contributing to these deviations and the outlier data are discussed in Section 3.3.

15
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Figure 4. (a) Hz, (b) O2, (c) N2, and (d) CH4 permeability box and whisker plots for PSf films
tested at 35 °C. Colored whiskers and black whiskers represent one and two standard deviations
from the mean, respectively. The lower and upper bounds of the box represent Q1 and Q3,
respectively. The square symbol and horizontal line within the box indicate the mean and median,
respectively. Colored circles indicate the average of the as submitted permeability values from

each lab.

The self-reported permeabilities were also fit to Eq. 4 to derive generalized parameters (x,
v, and z) for the prediction of permeabilities at pressures between 10-20 bar. Fitting parameters
are summarized in Table S3. As shown in Figure 5, the fitted curves display a sharper permeability
decrease for N> and CH4 compared to the other gases, as was observed for the box and whisker
plots in Figure 4. Although this trend has very weak statistical significance, an average decrease

in permeability is expected within the framework of the dual-mode model, which was used to

16



1  construct the mathematical expression for our generalized fit. Moreover, the standard deviations

2 calculated from the fitting aligned very well with those calculated for the dataset in Table 1 and

3 Figure 4 (cf. Figure S2), indicating that Eq. 4 is an appropriate representation of the dataset.
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5  Figure 5. Fitted permeability curves and associated fitting parameters for Hz, Oz, N2, and CH4

6 permeability data tested at 35 °C.

7 H2/CH4 and O2/N2 selectivities were also calculated for all labs, as shown in Figure 6 and

8 Table 2. Generally, selectivity is calculated as the ratio of the permeabilities for the two gases of

9 interest. Asaresult, selectivity values normalize out deviations originating from area and thickness
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measurements, and, if both gases were tested using a single downstream volume, from volume
calibrations as well. All labs in this study used a single downstream volume for the gas pairs
evaluated, except for Lab 9. In general, selectivities showed tighter distributions than the
permeability trends, suggesting that volume, areas, and thickness estimates play an important role
in permeation deviations, as is further discussed in Section 3.3. Interestingly, while permeabilities
for Labs 1, 2, 3, and 5 showed the largest deviations from the mean, the selectivities are much
more consistent with the rest of the dataset, with the exception of H2/CHjs selectivity at 10 bar for

Lab 2, which was furthest away from the dataset when compared to other labs.
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Figure 6. (a) H2/CHas and (b) O2/N: selectivities for PSf films tested at 35 °C. Error bars indicate
standard deviations from three independent measurements. (c) H2/CH4 and (d) O2/N2 selectivity

box and whisker plots for PSf films. Colored whiskers and black whiskers represent one and two
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standard deviations from the mean, respectively. The lower and upper bounds of the box represent
Q1 and Q3, respectively. The square symbol and horizontal line within the box indicate the mean

and median, respectively.

Table 2. Self-reported selectivities and associated statistical metrics for PSf tested at 35 °C.

Selectivity
Gas Pair H,/CH, O,N,
Pressure (bar) 10 15 20 10 15 20
Lab 1 53+4 59+0.6 58+2
Lab 2 43+0.4 50+ 1 53.1+0.5 5.25+0.07 5.48 +0.03 5.55+0.09
Lab 3 545+0.9 55+4 59+ 3 49+0.2 55+0.2 53+0.6
Lab 4 52+3 56+ 2 55+ 4 5.44 +0.07 49+0.8 5.33+0.06
Lab 5 59+ 2 60.2+0.8 63.1+0.6 59+0.2 5.86 + 0.09 59+0.2
Lab 6 44.7+0.3 47.5+0.9 - 5+1 5.0+05
Lab 7 56+ 2 57+3 57+5 5.67 +0.08 56+0.2 54+0.3
Lab 8 56.0+0.4 59.3+0.5 61.3+0.2 58+0.2 5.91+0.09 5.83+0.09
Lab 9 55.3+0.3 57.3+0.4 - 58+0.1
Lab 10 61+2 63+1 65+1 6.0+0.1 59+0.1 58+0.1
Mean 53.4 56.4 59.0 5.5 55 5.6
Median 54.9 57.0 58.6 5.6 515 5.6
SD 5.5 4.3 3.6 0.43 0.35 0.24

3.2. Time lag and diffusion data: Following the same approach from the previous section, the
box-plots for time-lag data are shown in Figure 7. Self-reported Oz, N> and CH4 time-lag values
are summarized in Table 3. Time-lag values for H> were not reported since the timescale for
diffusion was too fast for reliable measurement within the error of the systems used in participant
labs. Interestingly, there was a significantly larger variability in time-lag results compared to the
permeability results. The reported time-lag values for all three gases varied widely across all labs,
which resulted in imprecise time-lag measurements, which are tabulated in Table 3. The exact
reason for such variability could be related to several factors. First, the time-lag method requires

that the upstream face of the film is instantaneously pressurized to the final pressure, but there is
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often a lag in this pressurization step, which increases uncertainty. There are potential methods to
overcome this limitation to the time-lag solution; most notably, by considering a time-dependent
and variable concentration boundary condition at the upstream of the film [24], but such an
approach requires prior knowledge of sorption isotherms over the pressure range of interest and
likely numerical integration, adding additional complexities to this type of analysis and limiting
widespread adoption. Notably, for this study, uncertainties in the time lags were independent of
the gases tested, and hence, independent of the amount of time required to perform a measurement,
suggesting that the pressurization step was not the most significant source of uncertainty. For
instance, standard deviations for O, and CH4 time lags from study participants were approximately
20% of the mean value, despite having time lags that differed by approximately a factor of 10.
Additionally, nitrogen, which had an intermediate time lag, had the highest uncertainty of the three
gases considered. Another possible source of error is the amount of time that study participants
waited to reach steady-state, which would influence the linear extrapolation of the time-lag curve
to the x-axis, or whether or not the leak rate was subtracted from the permeability data (cf. Figure
S8). As a final possibility, human error could result in some variability. These final considerations,
which are discussed in Section 3.3, indicate the need for the development of standardization and
best practices in the field. Despite the variation in time-lag values, Oz, N2, and CH4 diffusion
coefficients have very similar mean and median values, indicating a Gaussian distribution with

random variations in values, and no clear systematic errors for specific labs.
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Figure 7. (a) Oz, (b) N2, and (c) CH4 time-lag box and whisker plots for PSf films tested at 10 bar
and 35 °C. Colored whiskers and black whiskers represent one and two standard deviations from
the mean, respectively. The lower and upper bounds of the box represent Q1 and Q3, respectively.

The square symbol and horizontal line within the box indicate the mean and median, respectively.
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Table 3. Self-reported time lag values, calculated diffusion coefficients, and statistical metrics

for PSf tested at 10 bar and 35 °C.
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Metric Time lag (s) Diffusion coefficient (10-8 cm’/s)
Gas o, N, CH, o, N, CH,
Lab 1
Lab 2 446+1 360 + 20 2.34+£0.06 0.29+0.01
Lab 3
Lab 4 395 153 +9 310 £ 50 3.0+05 0.75+0.04 0.38 +£0.07
Lab 5 28+6 70 £ 20 272 +8 4.1+0.9 1.7+0.4 0.41 +£0.04
Lab 6 35+8 4.2+0.6
Lab 7 29.5+0.7 116+ 8 400 + 10 3.41 £ 0.06 0.87 £ 0.05 0.25+0.01
Lab 8 40+ 10 80+20 320+ 10 33107 1.6 + 0.06 0.35+0.02
Lab 9
Lab 10 244+05 83z+1 320+ 10 4.1+0.2 1.2+0.07 0.31+£0.01
Mean 33.8 99.6 331 3.5 1.2 0.33
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Median 35 80.3 320 3.4 1.2 0.33

SD 7 35 50 0.7 0.4 0.06

3.3. Considerations for permeation testing protocol and best practices

Despite having tested one common commercial PSf film, self-reported permeability and
time-lag values varied considerably between labs. This section summarizes common testing
practices and recommended guidelines to ensure accurate permeation measurements once a film
is formed. Figure 8 illustrates a generalized workflow for permeation testing including six steps
where variability can be introduced to the final permeation measurement. The rest of this section

describes consensus practices and recommendations associated with each of these steps.

1. Synthesis and casting 2. Sample preparation 3. Equipment information 4. Testing conditions
Synthesis conditions
Volume calibration Leak rate
Solvent treatment Area estimate
Transducer uncertainty De-gas conditions
Thermal treatment Thickness estimate
Temperature accuracy Testing times

Storage conditions

5. Calculations

Permeability Time lag

Leak rate subtraction Leak rate subtraction

Steady-state fitting Estimate of t= 0 for experiment

Figure 8. Generalized permeation testing workflow and relevant criteria to consider at each step.

3.3.1. Synthesis and casting

Synthesis methods [34], casting conditions (e.g., solvents [35-37]), post-casting treatments
(e.g., thermal [35,38], solvent [35,39-41], or conditioning history [38]), and storage conditions
[4,42] (e.g., aging time and humidity in given environments) influence transport measurements.

These factors are especially important for high free volume polymers, where slight variations in
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synthetic conditions, post-casting treatment, and physical aging can result in large changes in
transport properties [42]. The effects of casting, treatment, and processing conditions on PSf
transport properties were briefly explored by comparing the average results from this study to
literature studies summarized in Section 6 of the supplementary information [43-46]. In this study,
the effects of physical aging were not considered. Labs ordered films and tested them on their
independent timeline. To evaluate whether deviations in performance were a result of physical
aging trends, the entire dataset was plotted in O2/N2 and Ho/CH4 upper bounds, as shown in Figure

S3, and fit to the mathematical expression of the upper bound, as described by Eq. 11 [47,48]:

P=ka™

ij (11)

The slope of the upper bound line on a log-log plot is captured by the factor n. As a glassy polymer
ages, the decrease in permeability and increase in selectivity usually follows a trend that is parallel
to the upper bound of the targeted gas pair. In this case, the slope obtained from fitting the dataset
does not match the slope of the reported upper bound (Figure S3). Therefore, physical aging was
not considered the primary factor contributing to variation in as-submitted permeabilities. Overall,
however, reporting comprehensive synthetic procedures, casting protocols, as well as post-casting
treatment and storage conditions are essential to maintain consistency across the membrane

community.

No consideration was given as to whether or not there were batch-to-batch variations in the
films purchased from the supplier (Goodfellow). Quality control could be another source of error,
but this type of evaluation would be very difficult without proprietary information. Other sources
of error, which are discussed below, showed co-dependencies on uncertainty, so we believe that

batch-to-batch variability is not a major factor in this study.
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3.3.2. Sample preparation

Once the film is cast, the thickness is often measured using a micrometer. Then, the sample
is mounted on a support and the exposed membrane area is measured. Sample preparation
conditions reported by the participating labs are shown in Table S4. Commonly used supports
include Aluminum tape or brass disks and common adhesives include Devcon 5-min epoxy.
Micrometers and area measurement tools include the Mitutoyo micrometer Series 293 and ImageJ
software, respectively. As shown in Table S4, storage conditions ranged widely between
participating labs, but no systematic deviations were observed between storage conditions and
transport properties for the PSf samples. The reported areas used for testing ranged from 0.6 cm?
to 6.3 cm?, but no correlation was found between area differences and variation in the permeation
for Hz (R? = 0.003) and CH4 (R? = 0.007), as shown in Fig S4. Additionally, while the thickness
provided by Goodfellow was 25 pum, the self-reported thicknesses ranged from 23.6 um to 29 um.
From Eqg. 7, this range in thicknesses would account for a difference in reported permeabilities
values of up to approximately 23%. Interestingly, a weak correlation was found between thickness
and the variation in the permeation for H, (R? = 0.134) and CH4 (R? = 0.094) (Fig S4). While
these co-dependencies represented by R? values are small, they are the most significant co-
dependencies outside of those for leak rates, which will be discussed later. Therefore, ensuring an

appropriate active area and especially thickness is required for accurate testing. In all cases, storage

conditions, thickness, area, and standard deviations should be reported.
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3.3.3. Equipment information

Pressure transducer uncertainty, downstream volume calibration, and ensuring a tight seal
of the permeation cell to achieve low leak rates can influence calculated permeabilities. Table S5
summarizes these details for study participants, as well as information about gas suppliers and
purity. Gas purity was usually over 99% for all gases and revealed no correlation with reported
deviations in transport properties for both H2 (R> = 5 x 10~*) and CHa4 (R? = 0.004). All labs
except Lab 3 used an in-line stainless steel filter holder as the permeation cell.

When considering the basic components for a constant-volume variable-pressure system,
errors associated with the pressure transducers and the temperature controller will add a small
percentage of error to the data. The reader is referred to Table S5 for detailed descriptions of these
components used by each study participant. The upstream pressure transducers varied by provider,
maximum pressure, and accuracies of 0.05% to 0.5% of the full scale of the transducer. Another
source of possible error is from the zero-point offset for a transducer. However, permeabilities are
calculated based on changes in downstream pressure, and not on the absolute values of pressure,
so these offset uncertainties should have little to no effect on the results. Nevertheless, for the
interested reader, the majority of the downstream pressure transducers used were MKS Baratron®
capacitance manometers, with an accuracy ranging from 0.12% to 0.25% of the pressure reading.
Because permeability calculations require a good estimate of transport rates and leak rates in the
downstream of the system, it is common practice to use very sensitive downstream pressure
transducers, which can be especially useful for less permeable samples where the transport rate is
very low. On the other hand, zero-point offsets and span uncertainties may have a larger impact
on upstream pressure transducer readings, but there were no significant dependencies between

permeabilities and reported upstream pressures (Fig. S4).
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Additionally, for most labs, the temperature was maintained using an air bath or a water
bath with a Thermo Scientific™ immersion circulator, and there were little variations reported for
temperature in the submitted data. For Lab 4, a heating jacket was used to heat the cell while the
gases flow at ambient temperatures. Because the temperature parameter in Eq. 7 is not defined
precisely (i.e., it is not specified whether this is the temperature in the entire system or the isolated
membrane), there could be some added uncertainty to permeation results. The most common
arrangement involves heating of the upstream and downstream tubing as well as the cell, and
deviating from this arrangement can result in calculation errors at temperatures other than ambient.

In addition to installing suitable parts on the permeation apparatus, a critical component to
retain accuracy is the calibration and size of the downstream volume. If the volume is too small,
the downstream pressure may rapidly exceed the limit of the downstream pressure transducer,
precluding time-lag calculations. Conversely, if it is too large, extracting accurate pressure-rise
data may be difficult within the transducer resolution. The size of the downstream volumes for
study participants ranged from 2.86 cm? to 166.5 cm® and very weak correlations were observed
between permeability and the size of the downstream volume for both Hz (R? = 0.057) and CHa
(R? = 0.065). Standard volume calibration procedures are summarized in Table S6. Calibration
methods include: (1) filling the vessel with a solvent at room temperature or with very small
stainless steel pellets, (2) performing a Burnett expansion with He or Hz [49], or (3) measuring the
permeability of a standard polymer (e.g., polycarbonate or Kapton) and estimating the size of the
volume based on literature data. Generally, constant-volume variable-pressure systems should be
calibrated during installation and when major modifications are made to the system. It is also

advisable to perform volume calibrations in triplicate and report the measurement uncertainty.
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3.3.4. Testing conditions

Once the sample is prepared for testing, material-dependent testing conditions must be
optimized. These include (1) hold time for the test to reach steady state, (2) de-gas time for removal
of ambient contaminants at the beginning of the experiment, and (3) de-gas time for removal of
residual gas from a previous test. The testing conditions used for this study are summarized in
Table S7. All labs reported a testing temperature of approximately 35 °C, with the lowest
temperature reported at 34.5 °C for Lab 6 and the highest of 35.1 °C for Labs 1 and 8. De-gas
times at the beginning of the experiment ranged from 1 h to 24 h.

When switching between gases, it is common to vent the residual gas, flush with an inert
gas, and hold the system under vacuum for a certain amount of time before proceeding to the next
gas. The de-gas time between tests of different gases should be sufficiently long to ensure that all
gas has been removed from the film. In this study, most labs evacuated the permeation cell for at
least 1 h before running the next test, which is over eleven times the average time-lag value
estimated for CH4. Some labs evacuated until the downstream reached a certain pressure (e.g., 2
torr for Lab 8 and 0.1 torr for Lab 1). When testing a new membrane sample, it has been previously
recommended that tests should be run for at least six times of the time-lag to ensure the steady-
state region is reached [19]. As shown in Table S7, de-gas and hold times between experiments
varied widely from lab to lab. However, it was common practice for all labs to hold CH4 and N2
for a longer period of time than H> and O> for permeation experiments and for de-gassing. Of note,
labs with self-reported time lags held the gases for at least six times their time lag, with hold times
ranging from 6.8-35.7 times the time lag for CH4 to 16.1-221 times the time lag for O2. When
time lag was not self-reported, the hold times were always found to be over six times the average

time lag values reported in Table 3. It is also important to note that many researchers consider
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lower pressure tests than those considered here (i.e., 1 bar). At lower pressures, even longer hold
times and de-gas times are required because the effective diffusion coefficient and overall gas flux
decreases, resulting in larger time lags [19,44,50].

A critical component in ensuring accuracy of a permeation calculation includes monitoring
the leak rate of the system. A widely reported heuristic in the membrane community is to ensure
that the leak rate is at least ten times lower than the transport rate (< 10%) [19]. When a sample is
not permeable enough, thinner films and larger active areas are frequently prepared. Additionally,
tighter cell seals can reduce the leak rate. Table S8 summarizes the leak rates observed for the
systems in this study and the strength of the seal of the cell, which was defined as the ratio of the
leak rate to the downstream volume size. The tighter the seal, the better the leak rate of the system.
Leak rates ranged from 1.77 x 1077 to 8.8 x 10~ torr s™* while the strength of the seal ranged
from 1.8 x 1079 t0 1.9 x 107 torr st cm=3. Some common practices to ensure proper tightness
of the cell include greasing of the O-rings in the permeation cell and pre-heating the cell and re-
tightening the system. The latter approach (i.e., heating the cell) can help to desorb atmospheric
gases and vapors that may be adsorbed in the metal tubing of the systems, further reducing the
effective “leak” rate. Table S8 also presents the ratio of the steady-state transport rates versus the
leak rates for CHa. All labs had transport rates greater than ten times that of the leak rate. In other
words, the leak rate was always less than 10% of the transport rate for the slowest gas. For faster
permeating gases (i.e., Hz and O), the leak rates were less than 1% of the transport rate. Finally,
because the vacuum gauge of each apparatus will range from lab to lab, it can be helpful to monitor
the minimum downstream pressure reached during a permeation test to facilitate time-lag
calculations. Common values for the minimum downstream pressure are shown in Table S8.

3.3.5. Calculations
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As shown in EqQ. 7, many parameters can be influenced by the variability of the
measurement and the subsequent permeability calculation. Error propagation is commonly used to
estimate the uncertainties in system volume, temperature, pressure rise, and sample thickness and
area. However, errors are often unreported, and when they are, many studies do not specify if error
was calculated from error propagation or standard deviations from multiple measurements. This
information would provide helpful details when evaluating work in the open literature.

Moreover, permeation calculations are not often cross-examined by multiple individuals.
Taking advantage of the large dataset provided here, we re-calculate the permeation data for all
labs using the submitted raw datasets. Re-calculated values were compared to the as-submitted
data to provide an estimate for the “human error” associated with the estimation of the steady-state
region in permeation calculations. All other parameters in Eq. 7 were kept constant using the as-
submitted data for [, V4, A, and T. As shown in Figure 9, all permeability calculations remained

within an error of 2.5% for almost all data points, with a few scattered data points above 4%. These

results indicate that variations in the calculation of [(%) - (%

) ] in Eq. 7 alone can result
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in permeability differences of up to 5%.
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Figure 9. Difference in re-calculated versus self-reported permeabilities for PSf tested at 35 °C.
Arrows represent increases in pressure.

In addition to the leak rate and transport rate, variations in [, V,;, A, and p will also
contribute to the overall error in permeability data. To elucidate the varying contributions from
each parameter in Eq. 7, the percent error contributed from each variable to the total error
propagation was calculated. This analysis includes all data where non-zero uncertainties for all
variables (i.e., [, V4, A, and p) were provided. The total error propagation (%) and corresponding
percentages contributed from each of the four variables are summarized in Table S9. Generally,
the percent contributions to the overall error propagation vary widely. However, in these examples,
the largest statistically significant contributor to error was from the thickness measurements of the
films. Ultimately, it is important to include all parameters in Eq. 7 in error propagation estimates,
most notably uncertainties related to thickness.

Another important metric in the evaluation of gas transport properties is the time-lag
calculation. One of the advantages of this method is the accessibility of diffusion data obtained
directly from permeation tests. However, little is known regarding the accuracy, sensitivity, and
reproducibility of such measurements. In this analysis, time lags for H2 were not included because
the reported values ranged widely in magnitude and, in certain cases, were unphysical (i.e.,
negative values). Figure 10 presents as-submitted and manually re-calculated time lags, following
a similar procedure to that used for the permeability analysis. For Oz and N, significant deviations
were found between the self-reported time-lag estimates and re-calculated values for certain labs.
Of particular note, self-reported values ranged widely between labs, indicating that time lag
estimates can be highly biased by the system or calculation technique. In some cases, the response

time of the operator or instrument may contribute to the overall time lag calculated. To account
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for this potential source of error, response times could be estimated using a barrier film with a
small pinhole or a PDMS thin film with negligible time lag [51]. The time it takes between starting
an experiment and reaching a stable upstream pressure can be estimates from the instantaneous
pressure responde in the downstream. Notably, however, CH4 time-lag values were consistent
across labs and in re-calculations. This result suggests a much stronger reliability in measurements
for slower permeating gases with longer time-scales for diffusion than for more rapidly permeating
gases. As discussed previously, CHs is often tested last, after extensive de-gassing, and with longer
hold times than for other gases. These factors can contribute to accurate time lag estimates. In
terms of application, we would expect that short time lags reported in the literature, for example,
for high free volume polymers, would have the most uncertainty.

In addition to overcoming fundamental challenges related to fast diffusion for certain gases,
the selection of the steady-state region and the initial time point of the experiment for time-lag
calculations will also bias the results and contribute to uncertainty. Performing time-lag estimates
manually and plotting the resulting data at the steady state region can help to confirm accuracy

and consistency of the fitting.
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Figure 10. (a) Oz, (b) N2, and (c) CHa time-lag values for PSf tested at 10 bar and 35 °C.

Uncertainties indicate standard deviations from three independent measurements.

3.3.6. Recommended permeation testing protocol checklist
Here, a recommended set of steps for conducting permeation tests is provided to ensure
that permeation testing is as reliable and as reproducible as possible:

Synthesis, casting, and sample preparation:

1. Ensure that solvent removal is complete and that thermal treatment conditions align with
comparative literature.

2. Store the sample in a controlled environment. Record ambient temperature and humidity.
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3.

Measure the film thickness and active area at least three times and report the mean along

with uncertainties.

Equipment information:

1.

Know the specifications of the system being used including details about the pressure
transducers, temperature controllers, and downstream volume size and related
uncertainties. Report this information in publications.

Report detailed information about the method used to calculate error (e.g., error
propagation or standard deviations of triplicates).

Report the volume calibration procedure used for the system. Confirm that no major
changes have been performed to the system since the last volume calibration. If there have

been major changes, re-calibrate the volume.

Testing conditions:

1.

2.

Measure the leak rate of the system and the minimum pressure of the downstream.

Run an initial de-gas for a sufficient time and sufficient temperature to adequately remove
residual gases in the film.

Test the film for a long enough hold time to ensure that steady state has been reached.
Between gases, make sure to remove residual gas from the system by de-gassing for at least

the time it took the previous gas to reach steady state.

Calculations and reporting:

1.

Confirm that the steady-state region has been reached. Ensure that the leak rate is less than
10% of the steady-state transport rate.
Subtract the leak rate and/or minimum pressure from the data before performing

calculations.
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3. Perform time-lag calculations manually to view fitted and extrapolated steady-state
pressure response, and if possible, test in triplicate.

4. Have multiple researchers calculate permeability and time lags independently using the
raw data. Compare calculations.

5. Report a detailed procedure of the permeation testing and calculation in published work.

4. Conclusions

Constant-volume variable-pressure permeation testing is an essential technique with widespread
use for assessing gas transport properties. In this work, a 10-participant multi-lab study was
performed using this technique to provide a reference standard and a list of best practices for the
membrane community. Data was collected for Hz, Oz, N2, and CH4 permeabilities for PSf at 35 °C
and 10, 15, and 20 bar. Self-reported data were compared between labs and with literature to
provide lab-to-lab uncertainties and acceptable ranges for permeability and time-lag calculations.
Detailed equipment information, lab-specific experimental procedures, and raw data were
compared and evaluated to derive a list of best practices and heuristic guidelines for conducting
reliable pure-gas permeation testing. The primary source of variation in permeability was
attributed to the uncertainties in sample thickness. High variability was also found in the
calculation of time lag and thus the reported diffusion coefficients. In summary, this work provides
a comprehensive set of guiding principles for consistent and reproducible pure-gas permeation

testing and a reference standard to be used by the membrane community.
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