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ARTICLE INFO ABSTRACT

Keywords: Mixed-matrix membranes (MMMs) have been heavily studied due to their compelling performance in gas sep-
Pulsed-field gradient NMR aration applications. Direct measurement of gas diffusivities in MMMs is essential for constructing reliable
Diffusivity

transport models, but this measurement remains challenging. This study investigates CH4 and CO; diffusion in
PIM-COOH and a PIM-COOH,/UiO-66-NH; MMM with 30 vol% MOF loading, employing 13C pulsed field gradient
nuclear magnetic resonance (PFG NMR) and various macroscopic techniques like the time-lag method and
sorption analysis. PFG NMR revealed uniform transport properties across pure PIM-COOH films and MMMs on
micrometer scales, indicating well-integrated structures without significant defects or MOF clustering.
Macroscopically-measured diffusivities derived from the time-lag method showed strong pressure dependence
due to the limitations of applying a linear sorption model to microporous materials. In contrast, corrected secant
diffusivities aligned closely with self-diffusivities from PFG NMR and exhibited minimal pressure dependence.
Application of another common analysis approach, the use of transient sorption experiments, yielded diffusivities
with large uncertainties. This comparative study presents the range of diffusivities found by applying various
techniques to capture transport and self-diffusivities, highlighting the need to carefully validate model as-
sumptions for diffusion measurements in microporous polymer and MOF-based membrane materials. Of note,

Gas separation
Mixed-matrix membrane
MOF

this study highlights the strength of PFG NMR in directly probing microscopic transport.

1. Introduction

Mixed-matrix membranes (MMMs), formed by incorporating porous
fillers into a polymer matrix, have gained significant attention in gas
separation research due to their ability to overcome the inherent limi-
tations of traditional polymeric membranes. Conventional polymeric
membranes often struggle with a performance trade-off between selec-
tivity and permeability, a challenge first identified for a large data set by
Robeson in 1991 [1]. This challenge has led to extensive research on
developing advanced materials such as microporous polymers [2] and
MMMs that can surpass the performance upper bound. MMMs, in
particular, offer a promising solution by combining the mechanical
strength and processability of polymers with the superior separation
properties of fillers. Recent advancements have particularly highlighted
the use of metal-organic frameworks (MOFs) as fillers [3] due to their
tunable pore sizes and versatile chemistry derived from organic linkers,
which can be tailored to enhance affinity with certain penetrants or
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improve compatibility with the polymer matrix. However, a common
challenge in MMM fabrication is poor polymer-MOF compatibility,
leading to non-selective defects. Various strategies have been proposed
to address this challenge, including physically priming the MOF parti-
cles with polymers [4-6] and chemically modifying the functional
groups of MOF and polymer to enhance their interaction [7].
Understanding the transport properties and the polymer—-MOF
interface of MMMs is crucial for evaluating and optimizing existing
materials, as well as predicting structure—property relationships for new
polymer—MOF combinations. Typically, gas diffusion throughout MMMs
is quantified using the time-lag method [7,8], back-calculating from
permeability and sorption coefficients using the solution—diffusion
model [9,10], and/or fitting to transient uptake profiles [11,12]. While
these methods provide insights into the transport process through the
entire membrane sample, careful experimental design is essential to
validate the model assumptions used. Additionally, these experiments
can be complicated by factors such as transport barriers at the crystal
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interface and sorption heat-release processes [13]. Therefore, direct
measurements of diffusivities are essential to construct accurate trans-
port models and validate existing methodologies.

Pulsed field gradient nuclear magnetic resonance (PFG NMR) has
gained traction because it can directly measure microscopic diffusion at
relevant length scales within MMMs. Diffusion studies using PFG NMR
can quantify diffusion over a broad range of length scales, from hun-
dreds of nanometers to tens of micrometers, which can provide insights
into intra- and inter-crystalline self-diffusion. PFG NMR has been
instrumental in determining pure- and mixed-component self-diffusiv-
ities of light gases and organic solvents in MMMs [14-17]. The localized
diffusivity measurement also facilitates assessing the uniformity of
transport properties within the MMMs.

In this study, '*C PFG NMR was employed to investigate the micro-
scopic self-diffusion of CH4 and CO, within an MMM composed of car-
boxylic acid-functionalized PIM-1 (PIM-COOH) and a UiO-66-NH; MOF
[18]. Previous research has shown that the compatible functional groups
on PIM-COOH and UiO-66-NH; enhance polymer-MOF interaction,
resulting in defect-free MMMs [7]. Pure PIM-COOH films were studied
for comparison to understand the role of the MOF on gas transport. Root
mean squared displacements (RMSD) of gases were calculated from PFG
NMR experiments to elucidate the length scale associated with the
self-diffusion process. Additionally, macroscopic diffusion measure-
ments were conducted using the time-lag method, permeation and
sorption analyses, and transient sorption experiments. The resulting
diffusivities were compared, revealing differences based on various
model assumptions, which are carefully discussed as part of this work.

2. Theory related to macroscopic techniques

Transport diffusivities of gas molecules in membranes are measured
in the presence of a concentration gradient, and they capture diffusion
through the entire sample. Thus, they are also referred to as
macroscopically-measured diffusivities. In contrast, self-diffusivity
measurements in PFG NMR are performed under equilibrium condi-
tions and typically correspond to a diffusion length scale smaller than
the sample size, e.g., smaller than the membrane thickness. Such self-
diffusivities are considered microscopic self-diffusivities. Here, we
discuss and compare three common methods for obtaining transport
diffusivities and how transport diffusivities compare to self-diffusivities
obtained from PFG NMR.

2.1. Time-lag method

The time-lag method has been frequently used to obtain gas diffu-
sivities when developing new membrane materials. The time-lag
experiment is typically performed using a constant-volume apparatus.
A pressure step change is applied to the upstream side of the membrane
sample at t = 0, and the resulting pressure increase on the downstream
side is recorded over time, as illustrated in Scheme 1 (a). The time lag (6)
is determined as the x-intercept of the extrapolated steady-state pressure

(a) Time-lag method (b)

Downstream pressure

Secant method (c)

Uptake concentration
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increase regime. In the simplest form of the time-lag method, the
diffusivity (Dy) is calculated using the following equation [19]:

12

Dy=—
" 60

Eq1l
where [ is the membrane thickness. The advantage of the time-lag
method is that one can obtain the permeability (P), Dy, and the sorp-
tion coefficient (Sy) in one single permeation experiment by applying the
solution—diffusion model [20]:

P :DQSQ Eq 2

While the time-lag method provides a facile approach to obtaining
diffusivities with only a small amount of sample, it is based on many
assumptions that should be carefully validated. First and foremost, the
time-lag method assumes that Henry’s law of sorption applies to the
membrane material:

c=kpp Eq 3

where ¢ (mmol g™1) is the equilibrium concentration in the sample at
pressure p (atm), and kp is the Henry’s sorption coefficient (mmol g~?
atm~1). While this assumption is usually true for rubbery polymers,
deviation from Henry’s law behavior often arises in glassy polymers and
microporous materials [21]. A concentration-independent diffusivity is
also assumed, which can lead to errors when analyzing the diffusion of
species that can interact strongly with the membrane material. Other
assumptions regarding the derivation of Eq (1) are listed in Table 1.

Table 1
Key assumptions for using the time-lag method, the secant method, and the
transient sorption method to determine gas diffusivities in membranes.

Method Assumptions
Time-lag 1. Henry’s law sorption (¢ = kpp) applies
method 2. Diffusivity is independent of concentration

3. The downstream interface of the membrane is always under
vacuum during the permeation test
4. Perfect pressure step-change at the upstream interface at the
beginning of the permeation step and no resistance for gas
accumulation at the downstream if a constant-volume appa-
ratus is used
5. Fickian diffusion
Secant method 1. Solution—diffusion model applies
2. Fickian diffusion
3. Effective sorption is estimated by the secant slope of the
sorption isotherm
Transient 1. Fickian 1D diffusion into an infinite sheet
sorption 2. Diffusivity is independent of concentration
3. Instantaneous pressure step-change in the sample chamber at
the beginning of the sorption step
4. Chamber pressure does not change significantly due to sorption

Transient sorption

Normalized uptake

N()
Ny

Feed pressure p

ﬁ_)

Time-lag 8 Time

Pressure Time

Scheme 1. Key experimental relationships for determining gas diffusivities via (a) the time-lag method, (b) the secant method (permeation and sorption analyses),

and (c) the transient sorption profile.
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2.2. Secant method (permeation and sorption analyses)

According to the solution-diffusion model, one can also back-
calculate the diffusivity by obtaining the permeability from a perme-
ation test and the sorption coefficient from a direct sorption measure-
ment. This method allows one to use the appropriate model that
describes the sorption behavior of the sample. The gas sorption iso-
therms for glassy polymers and microporous materials in composites
typically follow the dual-mode sorption (DMS) model (Scheme 1 (b)), in
which the concentration of gas sorbed (c) can be calculated as follows
[22]:

Cybp

C:kDerlerp

Eq 4

where a Langmuir mode sorption into the “holes” (excess free volume) of
the material is included in addition to the Henry’s mode. Cj; is the
Langmuir capacity (mmol g~!) and b is the Langmuir affinity constant
(atm™1). The DMS parameters obtained from least-square fitting the
isotherms are provided in Table S4 for CH4 and Table S5 for COs. Pa-
rameters in volumetric units are also included in the tables as they are
frequently used for sorption in the membrane field, especially for dual-
mode analysis.

The sorption coefficient corresponding to the dual-mode model (Ss.)
can then be expressed as:

c Cyb

Ssec:7:k+
p P 1+bp

Eq 5

which has the SI units of mmol m~2 Pa~'. The p used for the Sg
calculation is the feed pressure of the permeation test. The secant
sorption coefficients, in conjunction with the pure-gas permeability,
were used to derive the gas diffusivity through membranes using the
solution—diffusion model [20]:

P:Dsecssec Eq 6

where Dy is the gas diffusivity derived from this method. Key as-
sumptions of this method are listed in Table 1.

2.2.1. Solution—diffusion model with partial immobilization

The solution-diffusion model with partial immobilization assigns
different diffusivities to the molecules sorbed as the Henry’s and Lang-
muir modes. The permeability is expressed as:

C,b
1+bp

P=Dpkp + Dy , Eq7

where Dj is the diffusivity corresponding to the Henry’s mode popula-
tion and Dy is the diffusivity of the molecules sorbed onto the Langmuir
modes [23-25]. Both Dp and Dy are assumed to be constant. The
parameter F = Dy /Dp is often used to describe the ratio of the diffu-
sivities of these two modes. Dp is assumed to be greater than Dy, thus
0<F<1. F=0 is the limiting case where the Langmuir sites are
completely immobile. The F parameter can be obtained by measuring
the permeability as a function of the feed pressure and fitting the data to
Eq 8. [23]

1+bp kp ka8

P=kpDp {1 + F C”b]

2.3. Transient sorption

The gas uptake of a sample over time (Scheme 1 (c)) can also be used
to derive gas diffusivities. Transient gas uptake experiments are typi-
cally performed using a constant volume apparatus based on a pressure
decay method or a gravimetric uptake experiment [11,12,26]. Here, the
pressure decay method is adopted. The moles of gas sorbed into the
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sample over time, N(t), correspond to the decay in the chamber pressure,
P@):
Nk(t) - Noo,k—l o P(t) — PO,k

= Eq 9
Nok —Nok-1  Pook — Pox q

where Py and P are the pressures of the chamber at the beginning
and the end of step k. The pressure decay profile can be fitted to the
solution to a problem with 1D diffusion into an infinite sheet:

oc_&C
—=Dy— Eq 10
oo q
where C is the concentration of gas in the membrane, Dy is the diffusivity
associated with the transient sorption process, which is assumed to be
independent of concentration, t is the total exposure time, and x is the
direction along the thickness of the membrane. The initial conditions
are:

h
Ni(t)=2 | C(t)dx,and
K /o ® Neok = Neok-1

=0 Eq 11

where Ni(t) is the total amount of gas in the membrane at time t during
the pressure step k, N, is the total amount of gas in the membrane at
equilibrium for pressure step k, and h is half the thickness of the mem-
brane (i.e. h = 1/2). The boundary conditions are:

C=~=(C;, at x=dh, Eq 12
oC
§=0 at x=0 Eq 13

where C; is the gas concentration at the membrane surface, which is
assumed to be constant. This assumption holds for the pressure ranges
relevant to the permeation tests in this study, as gas sorption into the
membrane resulted in less than a 2.5 % decrease in the chamber pres-
sure. However, it is important to note that this assumption becomes
increasingly inaccurate at lower pressures. For instance, when the
chamber pressure is below 1 atm, membrane sorption can lead to a
pressure reduction of up to ~40 %.
The analytical solution to the diffusion problem is [12,27]:

Ni(t) — Neoga 8 X 1 { ( 1)2 ) / 2}
" —=1-—= Y ————exp| —Ds|n+5) 2t / h
Neok — Nooje-1 n? ; (2n+1)>* P ° 2

Eq 14

We can recover the gas diffusivity by fitting the pressure decay
profile in Eq (9) obtained experimentally to Eq (14). Since the derived
diffusivity scales with the square of film thickness, small variations in
the sample thickness can lead to significant errors. Key assumptions of
this method are listed in Table 1.

2.4. Corrected diffusivities

To allow for comparison to the self-diffusivities obtained from PFG
NMR measurements, the transport diffusivities were converted to cor-
rected diffusivities (or Maxwell-Stefan diffusivities) (D) via the
Darken-type relationship [28-30]:

Dr= Dcorr alﬂ
on ¢/ 1,

where p is the pressure of the bulk gas that is in equilibrium with the
adsorbed phase at concentration c. Dr is the transport diffusivity, which
can be Dy, Dy, or Dy. Since a concentration gradient from the feed
pressure to vacuum exists within the membrane during a permeation

Eq 15

dln p

test, the thermodynamic factor <m> was taken at the pressure that
Temp

is half of the feed pressure as an estimate of the average thermodynamic
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factor in the membrane when correcting Dy and Ds... The thermody-
namic factor was evaluated at the final equilibrium pressure when
correcting Dy, since the gradient in the sample during the sorption
measurement is smaller.

3. Materials and methods
3.1. Materials

Methanol (HPLC, >99.9 %), N, N-dimethylformamide (anhydrous
DMF, 99.8 %), chloroform (stabilized with 100-200 ppm amylene,
>99.5 %), tetrahydrofuran (THF, ACS Reagent Grade, >99.0 %, stabi-
lized with 250 ppm butylated hydroxytoluene), glacial acetic acid (Ph
Eur grade), and sulfuric acid (95.0-98.0 %) were purchased from Sigma-
Aldrich and used as received. 2-Aminoterephthalic acid (BDC-NH,, 99
%) was purchased from Fisher Scientific and stored in a desiccator under
vacuum prior to use. Zirconium chloride (ZrCly, sublimed grade, 99.95
%) was purchased from Strem and stored in a desiccator under static
vacuum prior to use. Ultrahigh purity CH4 (99.97 %) and CO5 (99.99 %)
were purchased from Linde for gas transport testing. PIM-COOH was
hydrolyzed from a PIM-1 polymer synthesized in-house following re-
ported procedures [7]. The monomers for PIM-1, 5,5,6,6- tetrahy-
droxy-3,3,3,3-tetramethyl-1,1'-spirobisindane (TTSBI, 96 %) and 1,
4-dicyanotetrafluorobenzene (DCTB, 99 %), were obtained from
Sigma-Aldrich and were stored in a desiccator under static vacuum prior
to use.

UiO-66-NH, nanoparticles were synthesized using an acetic acid-
modulated solvothermal synthesis following established procedures
[7]1. A MOF particle size of 130 + 20 nm was found from transmission
electron microscopy (TEM) imaging (Fig. S1), and a BET surface area of
1400 + 100 m?/g was obtained from N, adsorption analysis (Fig. S2).
PIM-1 was synthesized in-house and converted into PIM-COOH through
an acid hydrolysis reaction in a suspension state, as previously reported
[7]. The conversion of nitrile groups to carboxyl groups was determined
to be 82 % via thermogravimetric analysis (TGA), as shown in Fig. S3.

3.2. Membrane casting

PIM-COOH and approximately 30 vol% PIM-COOH/UiO-66-NHy
mixed-matrix membranes (MMMs) were fabricated using an evaporative
casting method. Pure polymer films were prepared by dissolving 200 mg
of PIM-COOH in 2 mL of THF. The polymer solutions were filtered
(Whatman™ Puradisc™ PTFE filter, 5 pm) and cast into glass petri
dishes (STERIPLAN® Petri Dishes, 60 mm x 15 mm) on a leveled plat-
form within a THF vapor-saturated glove bag.

The MMMs were prepared by first dissolving 200 mg of PIM-COOH
in 0.75 mL of THF to create a highly viscous polymer solution. The
polymer solution was left to homogenize on a roller overnight. Then, the
appropriate amount of MOF suspension in THF was added to the poly-
mer solution to obtain a MOF loading of approximately 30 wt% of the
polymer. The polymer—-MOF mixture was probe-sonicated for 30 s and
allowed to homogenize on a roller overnight. Finally, the mixture was
probe-sonicated once more, filtered through a Kimwipe-packed glass
pipette to remove any MOF aggregates, and immediately cast into glass
petri dishes on a leveled platform inside a THF vapor-saturated glove
bag. This filtering step often resulted in a lower MOF loading than the
targeted 30 wt%.

All casting solutions were left to evaporate in a glove bag for
approximately 48 h, followed by further drying at 130 °C under vacuum
for 12 h. The prepared films were subsequently used for pure-gas sorp-
tion, PFG NMR, and pure-gas permeation measurements.

3.3. Characterization

3.3.1. Microscopy
The morphology and estimated size of the MOF nanoparticles were
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assessed with an FEI Tecnai transmission electron microscope (TEM).
TEM samples were prepared on TEM grids (Electron Microscopy Sci-
ences, Formvar, 400 mesh, copper, FF400-CU-TH). A sample of MOF
suspended in methanol was taken and applied to the grid using a pipette.

3.3.2. MOF N3 adsorption at 77 K

The Brunauer—Emmett—Teller (BET) surface area of UiO-66-NH,
MOF powders was measured using Ny adsorption isotherms at 77 K on a
Micromeritics 3Flex system. BET surface area of the UiO-66-NH; sam-
ples was calculated in compliance with BET fitting criteria. For detailed
information on BET analysis, readers can refer to references. [31-34]
Approximately 100 mg of MOF was placed in a sample tube and
degassed at 100 °C for 12 h. The UiO-66-NH; used for membrane
fabrication showed a BET surface area of 1400 + 100 m? g~! and a
cumulative pore volume (Vpore) of 0.63 em® g~ for pores up to 20 A, as
calculated using density functional theory (DFT). Given the MOF pore
volume and the skeletal density (py) of 1.9 g cm ™2 reported previously
[71, the apparent density of UiO-66-NH, was calculated as:
Pk _086 gem ™.

P = (PacVpore) + 1

Eq 16
3.3.3. MMM loading

The weight loading of MOF in MMMs was obtained by thermogra-
vimetric analysis (TGA) in air (TA Instruments Thermogravimetric
Analyzer 550). Approximately 10 mg of sample was held at 100 °C for
30 min in Ny to remove any absorbed moisture and subsequently ramped
to 800 °C at a rate of 10 °C min~! under air. The TGA data was
normalized to 100 wt% at 100 °C. The weight loadings (wt%) of the
MMNMs were calculated according to the following equations:

_ Mpol (%MMM - 0/C'polymer)

Muyor = Eq 17
Mox 0/C'MOF - %MMM q
M,
Wwt% =——M0F Eq 18
Muor + Mpal

where Mj, is the mass of PIM-COOH (g) in the MMM, Myor is the mass
of MOF (g) in the MMM, and %polymer; %mor, and %y are the
remaining percentages of PIM-COOH, UiO-66-NH,, and MMM from the
TGA curve at 800 °C. The density of UiO-66-NH; reported in Eq Eq (16)
and a PIM-COOH density of 1.23 + 0.01 g cm ™ were used to convert the
MOF wt% to vol%. The density measurement for PIM-COOH was per-
formed in hexadecane at 23 °C using a Mettler Toledo density kit based
on Archimedes’ principle.

3.3.4. Pure-gas sorption

CH4 and COg sorption experiments were performed for PIM-COOH
films, UiO-66-NH; powders, and MMMs at 35, 50, and 65 °C using an
automated constant-volume system from Maxwell Robotics with a
pressure decay method. In a typical test, around 120-150 mg of samples
were loaded into the sample cell, which was then sealed with a VCR
gasket. The system was initially degassed for 10 h to remove any sorbed
gases and for 1 h between each temperature or gas switch. The amounts
of gas sorbed into the sample at each pressure step were calculated using
a mole balance between the initial and final pressures in the chamber.
The gas fugacity was estimated from pressure using the virial equation of
state truncated to include terms up to the third virial coefficient.

The isotherms collected for the pure-polymer and MMM films were
fitted to the DMS model (Eq (4)). The isotherms collected for UiO-66-
NH; were fitted to the single-site Langmuir-Freundlich equation [35,
36]:

1
B /t
_ P Eq 19

Q
1
Q 1+B><p/t
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where Qp, is the saturation uptake at equilibrium (mmol g™ 1), Q is the
adsorption amount in the experiment (mmol g~ 1), p is the equilibrium
pressure (atm), and t and B are the Freundlich and Langmuir parameters,
respectively. The Langmuir-Freundlich model was chosen for the MOF
material because gas sorption in pure MOF samples occurs primarily via
adsorption onto saturable sorption sites, a behavior well described by
the Langmuir isotherm. The Freundlich component accounts for the
surface heterogeneity introduced by amine functionalization by allow-
ing a range of adsorption energies. Combining these features, the
Langmuir-Freundlich model provides a more accurate and physically
representative fit to the pure MOF sorption isotherms. The fitted pa-
rameters are shown in Table S6.

3.3.5. Isosteric heat of sorption

The isosteric heats of sorption (Qy) were calculated from the fitted
isotherms for PIM-COOH, 30 vol% MMM, and UiO-66-NH; using the
Clausius—Clapeyron equation:
dlnP Qg

d1/T) R Eq 20

The values are plotted against the gas uptake in the samples in
Fig. S4.

3.3.6. Transient sorption

The pressure decay profile in each pressure step during the sorption
test was also used to derive gas diffusivities in the film samples. The
derivation is shown in Eq (9) to Eq (14). The uncertainties of the dif-
fusivities were calculated using error propagation, which includes the
standard error of the fit and a 30 % relative error in the sample
thickness.

3.3.7. Pure-gas permeation

CH4 and CO5 pure-gas permeation tests were performed on PIM-
COOH films and the MMMs at 35, 50, and 65 °C using automated
constant-volume, variable-pressure systems, as detailed in previous
work [8,37-39]. The films for these tests were aged for two months to
minimize the effects of aging, which is typically most significant in the
first two weeks after casting [40,41]. For testing, the films were glued
onto brass disks using Devcon 5-min epoxy. Samples from different films
were tested in triplicate, with the standard deviation of the triplicates
reported as error bars. While the CO; feed pressures used in this study
were below the plasticization pressure found at 35 °C for PIM-COOH
previously [7], a different piece of PIM-COOH was cut out from the
film for CO, permeation to eliminate any potential effects of plastici-
zation. PIM-COOH/UiO-66-NH, MMMs show strong resistance to
COq-induced plasticization up to 40 atm [7], thus the MMM samples
were all tested for the full sequence of gas and temperature steps.

In a typical permeation test, the system was degassed for 6 h initially
and for 1 h between steps. Once residual gas from the previous step was
removed, the membrane was exposed to the feed gas at the upstream
side, and the pressure increase from vacuum on the downstream side
was recorded. The pure-gas permeability was then calculated from the
steady-state increase in downstream pressure:

P poarr |(a)~ (%),

(p2 —p1)ART dt / At ) tea
where P is the permeability in barrer (1071° cm3(STP) cm ecm ™2 emHg ™?
s’l), 1 is the thickness of the membrane (cm), Vy is the downstream
volume (cm?’), A is the exposed membrane area (crnz), R is the gas

constant (0.278 cmHg cm®em 3 K’l), T is the absolute temperature (K),
p1 is the downstream pressure (cmHg), ps is the upstream pressure

(cmHg), <%>

and (‘%) is the leak rate (cmHg s’l). Pure-gas diffusivities were
leak

Eq 21

is the steady-state downstream pressure (cmHg s™1),
SS
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determined via the time-lag method using Eq (1). The permselectivity is
the ratio of the CO; and CHy4 permeabilities, and can also be decoupled
into diffusivity selectivity and sorption selectivity:

a _Pc02 _ (Dcoz) (SCOZ)
= =

€0/ = Py, \Dan, ) \Sen,
The permeation feed pressure was selected to match the pressure

used for the PFG NMR tests. The feed pressure for each test is provided in

Table S1. To understand the dependence of gas diffusivities on the feed

pressure, a PIM-COOH sample and a 30 vol% MMM sample were
exposed to 1x , 2x , and 3x of the feed pressures listed in Table S1.

Eq 22

3.4. PFG NMR sample preparation

The samples for PFG NMR studies were prepared by placing mem-
brane strips of around 15-25 mm in length and 2-3 mm in width of a
selected membrane film into a 5 mm medium wall NMR tube (Wilmad
Labglass, Inc). Approximately 80-100 mg of such strips were placed into
the tube for each PFG NMR experiment. The tube was then attached to a
custom-made vacuum system, where the sample was degassed under
high vacuum for 8 h at 100 °C. After the activation step, the sample was
cooled down gradually to 25 °C. 13C.labeled CO, and CH4 with 99 %
isotopic purity (Sigma-Aldrich) were used as sorbates. Sorbate loading
was performed by cryogenically condensing the desired mass of a single
component gas into the NMR tube using liquid nitrogen. After loading,
the sample was flame-sealed and separated from the vacuum system.
The sample was then stored for at least 12 h at 25 °C. Before performing
any NMR experiments, the sample was kept in the spectrometer at the
desired measurement temperature (35, 50, or 65 °C) for at least 1 h to
ensure that the sorption equilibrium at this temperature was established.
Selected NMR experiments were performed immediately after the
equilibration and then repeated several hours later to confirm that the
equilibration time was sufficiently long. The observation of reproducible
NMR data enabled confirmation of sorption equilibrium following the
chosen equilibration time.

The intra-membrane concentrations and loading pressures were
determined using NMR spectroscopy (Table S2 and S3) following the
procedure discussed in the literature [14,42,43]. The NMR pressure
conditions were chosen to maintain similar gas loadings in the MMM or
PIM-COOH samples across the three temperatures and to ensure that
both PIM-COOH and the MMM were under the same pressure for the
same gas at 35 °C. The intra-membrane sorbate concentrations and bulk
gas densities in the studied samples were quantified by utilizing the
proportionality between the area under the NMR spectrum and the
number of sorbate molecules in the measured part of the samples. To
establish the proportionality constants between the area under the NMR
spectrum and the amount of sorbate, reference samples containing only
bulk gases at known bulk gas densities were measured. The total NMR
signal obtained from the membrane samples included contributions
from both the intra-membrane region and the surrounding bulk gas
phase. These contributions were quantified separately using a mass
balance approach with the following known properties: (i) total mass of
gas loaded in the NMR tube (ii) volume of the sealed NMR tube, (iii) the
total volume of the membrane pieces used and the total volume of the
bulk gas phase in the active range of the NMR radiofrequency coil [14].
Using this approach, the gas density in the bulk gas phase of each sample
was determined, and this gas density was then used to determine gas
pressure at the measurement temperature by applying a known equation
of state [44,45].

3.5. PFG NMR measurements

13C PFG NMR diffusion measurements were performed using a 14 T
Avance III spectrometer (Bruker Biospin) operating at a 13¢ frequency of
149.8 MHz and a 'H frequency of 600 MHz. The magnetic field gradients



W.-N. Wu et al.

with amplitudes up to 17 T m ™! were generated using a DiffBB diffusion
probe. Most of the measurements were performed using 13C PFG NMR.
The benefit of using *C PFG NMR rather than the traditional 'H PFG
NMR is to take advantage of longer T, NMR relaxation times for 13C than
for 'H for gases in the membranes. However, selected experiments for
samples loaded with CH4 were also performed using 'H PFG NMR to
ensure the reliability and consistency of the data. No differences, within
uncertainty, were observed between the data measured using the two
nuclei, confirming the absence of any measurement artifacts.

Bipolar, sinusoidal, and trapezoidal shaped gradient pulses with
effective durations between 1 and 2.5 ms were used. It is important to
note that the gradient pulse duration and shape were the same for all the
measurements of any sample. Sinusoidal shaped pulses were primarily
used. However, to achieve a larger area under a gradient pulse, trape-
zoidal shaped pulses were utilized for the samples exhibiting slower self-
diffusion to achieve sufficiently large PFG NMR signal attenuations. The
effective gradient strength used ranged between 0.03 and 17 T m™*. The
effective diffusion time used ranged between 10 and 640 ms for both
sorbates and membrane types. A longitudinal eddy current delay of 6 ms
was used. The total duration of a single >C PFG NMR diffusion exper-
iment varied from around 1-3 h with a total number of scans between 64
and 144. The repetition delays varied between 2 and 4 s to be at least 1.5
times larger than the corresponding T; NMR relaxation time.

The diffusion experiments were conducted using the 13-interval
pulse sequence [46] exhibiting bipolar gradients and an additional
longitudinal eddy current delay [47]. This sequence was used to mini-
mize or eliminate inhomogeneities in the magnetic field (i.e., magnetic
susceptibility effects). These inhomogeneities are expected for hetero-
geneous systems such as stacked film pieces used in this work. The
measured PFG NMR attenuation curves, which are dependencies of the
normalized PFG NMR signal intensity on the effective magnetic field
gradient strength (g), were used to obtain self-diffusion coefficients
(Dnmr)- In the case of normal self-diffusion with a single self-diffusion
coefficient (Dyyr), the PFG NMR attenuation curves can be described
using the following equation [48]:

5(8)

y= S@g~0) =exp( — ¢*Durtesy)

Eq 23
where y is the PEFG NMR signal attenuation, S is the PFG NMR signal at
gradient strength g, and t. is the effective diffusion time (ie., the
diffusion observation time) [46]. The parameter q is given by q = 2ydg,
where y, is the gyromagnetic ratio, and ¢ is the effective duration of one
gradient pulse. For three-dimensional diffusion, the RMSD can be
related to the self-diffusivity using the Einstein relation [48]:

(r*)'* = \/6Dyurtyr

The experimental error was assessed by considering the following
factors: (i) the reproducibility of the data from measurements of two
identically prepared but distinct samples under the same experimental
conditions and (ii) the reproducibility of the data when measurements of
the same sample were performed using different nuclei (*3C or 'H) for
CH4 samples.

Longitudinal (T;) and transverse (T2) NMR relaxation times of COy
and CH4 were measured using the standard inversion recovery and
standard Carr-Purcell-Meiboom-Gill (CPMG) pulse sequences, respec-
tively. The tau value used in the CPMG pulse sequence was 100 ps. For
all studied samples, the NMR relaxation data were consistent with no
distribution over relaxation times for both T; and T relaxation. The T;
13C NMR relaxation time was observed to be in the range of 0.8-1.6 s for
the MMM and the PIM-COOH samples. The T> >C NMR relaxation times
were in the range between 9 and 97 ms. All NMR relaxation data are
presented in Tables S10 and S11.

Eq 24
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4. Results and discussion
4.1. Equilibrium sorption analysis

The sorption isotherms of CH4 and CO5 in PIM-COOH films, MMM,
and pure MOF particles at 35, 50, and 65 °C are shown in Fig. 1. The
pure MOF sample exhibited the highest gas uptake as expected due to its
high BET surface area and porosity. A prediction of the gas uptake in a
30 vol% MMM at 35 °C was made based on an additivity assump-
tion—namely, that the total uptake is the weighted sum of the individual
uptakes from the MOF and polymer phases. The predicted curve aligned
remarkably well with the actual measurement, indicating that there was
no noticeable pore obstruction from polymer infiltrating the porous
network.

The isosteric heats of sorption (Qs) were calculated from the iso-
therms, with values plotted in Fig. S4. While UiO-66-NHj had a similar
Qs for CH4 as PIM-COOH, it showed a higher Qg for CO, due to its strong
CO9 affinity from the amine groups [49]. Consequently, incorporating
MOF into PIM-COOH resulted in a slightly higher Qs for the MMM as
compared to PIM-COOH alone within the CO» concentration range of
interest (1.11-1.56 mmol g’l), which was considered for subsequent
PFG NMR and permeation tests.

4.2. PFG NMR

The PFG NMR attenuation curves presented in Fig. 2 and Fig. S5 for
CO2 and CHy, respectively, exhibit a mono-exponential behavior,
appearing linear in the semi-logarithmic representation. The attenua-
tion curves also show no dependence on the diffusion time for the range
of diffusion times used. This finding aligns with Eq (23), as shown by the
average fitted lines in these figures, thus providing evidence for a single
self-diffusivity that is independent of diffusion time for each sample,
temperature, and gas measured. The PFG NMR signal from the bulk gas
molecules diffusing outside the membrane was attenuated at the
smallest gradient strength applied, effectively eliminating any contri-
bution from bulk gas molecules to the measured signal. The self-
diffusivities of CO; and CH4 were measured by PFG NMR in reference
NMR samples containing only a single-component bulk gas at the
pressure and temperature similar to those used for membrane NMR
samples (Table S16). It was observed that the bulk gas self-diffusivities
were at least 5 orders of magnitude larger than the corresponding gas
self-diffusivities measured inside the membranes.

The intramembrane self-diffusivities from the best fit of the attenu-
ation curves using Eq (23) and the corresponding RMSDs, calculated
using Eq (24), are presented in Tables S12 and S13. The smallest RMSDs
(1.0 pm) measured for the MMM were much larger than the average size
of the UiO-66-NH; crystals (0.13 pm). Hence, the reported self-
diffusivities for the MMMs correspond to the diffusion of gases under
fast exchange conditions between molecules diffusing in UiO-66-NHjy
and PIM-COOH. The lack of deviations of the PFG NMR attenuation
curves from the mono-exponential behavior as well as their indepen-
dence of the effective diffusion time and the corresponding RMSDs
suggest that the membrane transport properties are uniform across all
length scales considered. The independence of Dyygr on the diffusion
time also implies that the residence time of gas molecules in a single
MOF crystal is much shorter than the smallest diffusion time used in PFG
NMR, which was 10 ms. Gas self-diffusivities measured at the same
temperature are higher in the MMM than in the pure PIM-COOH poly-
mer for both gases due to the faster diffusion in the MOF phase of the
MMM compared to the polymer phase.

4.3. Pure-gas permeation
CH4 and CO, pure-gas permeation tests were conducted at feed

pressures that matched the pressures used in the PFG NMR tests, as
detailed in Table S1. Fig. 3 (a) shows the COy/CHy4 selectivity plotted
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fitting results to Eq (23).

against the CO, permeability, along with the 2008 pure-gas upper bound
for CO2/CHy. Fig. 3 (b) decouples the selectivity into its diffusion and
sorption contributions using D and Sg. In terms of permeability and
permselectivity, the MMM demonstrated higher permeability compared
to PIM-COOH, placing its performance at 35 °C on the upper bound,
consistent with previously reported results [7]. It is important to note
that the data used to determine the upper bound were mostly collected
at 35 °C, and the CO,/CH4 upper bound is expected to shift downwards
at elevated temperatures [50].

The similar selectivity for PIM-COOH and the MMM can be attrib-
uted to the large pore aperture of UiO-66-NH; (~6 A) compared to the
kinetic diameters of CO; (3.3 A) and CHy (3.8 A) [51], providing min-
imal size-sieving advantages with the MOF. This result is evident in
Fig. 3 (b), where the diffusion selectivities for PIM-COOH and the MMM
are within statistical error. Although the addition of
amine-functionalized MOF was anticipated to increase the CO5 affinity
of the MMM, the MOF addition only showed a slight increase in the
sorption selectivity.

As the temperature increased, the permeability for both samples
remained relatively constant. This finding is due to the opposing effects
of diffusivity, which increases with temperature, and sorption, which
decreases with temperature. However, the overall selectivity decreased

with increasing temperature, which was caused by both diffusion and
sorption selectivity decreasing (Fig. 3 (b)). This decrease in selectivity is
expected, as the CO, selectivity over CHy4 is driven by the smaller mo-
lecular size and the higher solubility of CO,. Since both diffusion and
sorption are activated processes, the increase in temperature lowers
both selectivities [50].

Fig. 3 (c) shows the time-lag and secant diffusivities, while Fig. 3 (d)
shows the corresponding sorption coefficients. The incorporation of the
highly porous MOF increased both the diffusivities and sorption co-
efficients for CH4 and CO2 compared to PIM-COOH, resulting in higher
permeability. This trend was consistent across the investigated tem-
perature range. When comparing the diffusivities obtained from the two
methods for the same sample, D, was consistently lower than Dge.. This
discrepancy arises from assumptions in the time-lag method, which may
not be appropriate to apply to microporous materials. Eq (1) is strictly
valid only for systems with Henry’s sorption behavior (which is usually
not a reasonable model to apply to glassy polymers like PIM-COOH) and
for systems with a diffusivity that is independent of concentration [19].
Therefore, while the time-lag method provides a simple way to estimate
diffusivities for comparison, the values are often inaccurate when
applied to glassy and microporous materials [11]. Lanc¢ et al. demon-
strated that the linear concentration profile assumed by the time-lag
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method underestimates the concentration in the membrane. Given the
concave shape of the sorption isotherms, an underestimated concen-
tration leads to an overestimated sorption coefficient, resulting in sys-
tematically lower Dy values. The time lag is also dependent on sample
history, such as the degas time before the permeation run and the
duration of the experiment [25]. Since sorption tests are performed at
equilibrium, they are less influenced by sample history and generally
provide more reproducible transport properties compared to the
time-lag method [11].

4.4. Transient sorption

Diffusivities were also obtained through transient sorption experi-
ments using the same apparatus as the equilibrium sorption test, deno-
ted as Dy;. The pressure decay profile at the beginning of each pressure
step in the sorption sequence was extracted and fitted to Eq (14) to
determine the diffusivity. All the diffusivities obtained in this study are
plotted in Fig. 4 for comparison. Among the methods for measuring
transport diffusivities, the transient sorption method yielded the lowest
values, sometimes less than 30 % of the corresponding Ds. Similar
findings were reported by Lanc¢ et al., who attributed the low Dy values
to the transient sorption experiments primarily capturing the Langmuir
behavior rather than Henry’s sorption [11]. For glassy polymers, the
diffusion associated with the Henry’s law mode (Dp) is significantly
higher than that in the Langmuir mode (Dg) [21], leading to a sub-
stantial underestimation of diffusivity in transient sorption experiments.

The ratio of Dy to Dp was estimated by performing variable pressure
permeation tests, and the values were less than 0.3 for both PIM-COOH
and MMMs at all temperatures (Table S9). This finding confirmed that
the reasoning provided by Lanc et al. for the low Dy is also applicable to
our system. High uncertainties are also found for Dy, with notable
sources of error from both the large pressure fluctuation in the transient
regime (Fig. S6), which can hinder an accurate fit representative of the
actual pressure decay [12], and the variation in sample thickness.

When comparing the macroscopically-measured diffusivities to the
self-diffusivities, the transport diffusivities were corrected using
Darken’s relationship (Eq (15)) to account for nonidealities in the sys-
tem. Self-diffusivity is not directly related to the flow conditions used in
membrane applications. Instead, it quantifies the intrinsic rate of mo-
lecular diffusion under equilibrium conditions, where the sorbate con-
centration is uniform throughout the membrane and thermodynamic
driving forces are absent. In contrast, transport diffusivities measured by
macroscopic techniques represent effective or average values, as they
are typically affected by non-uniform sorbate concentration profiles
within the membrane during operation. This concentration dependence
of transport diffusivity can occur even in the absence of plasticization,
due to factors such as sorption site saturation and polymer-sorbate in-
teractions [53].

For process-scale transport modeling and unit operation simulations,
transport diffusivities are generally more relevant, as they capture the
separation process dynamics. Conversely, self-diffusivity measurements
and analysis of the associated diffusion regime provide valuable insights
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into the fundamental transport properties of the membrane material
itself. In cases where the concentration dependence of transport diffu-
sivity is negligible, self-diffusivities are expected to approach the cor-
rected diffusivities.

Here, Dy were considered the most reliable diffusivities as they
showed low uncertainties, and the secant method did not include un-
realistic assumptions for glassy polymers. Therefore, Darken’s correc-
tion was applied to D to compare with the self-diffusivities measured
from PFG NMR (Dymgr). The corrected secant diffusivities (Dseccorr)
showed good alignment with the self-diffusivities, highlighting the
robustness of using direct sorption measurements to accurately recover
transport diffusivities in systems based on microporous materials.

4.5. Pressure dependence of diffusivity

Pure-gas permeation tests and PFG NMR measurements were per-
formed at varying pressures to investigate the dependence of diffusiv-
ities on gas concentration within the membranes. Fig. 5 (a) shows that
the permeability decreased with increasing feed pressure, confirming
the absence of easily detectable plasticization effects in the tested
samples. This decrease in permeability with increasing pressure is
anticipated due to the reduction in sorption coefficient at higher pres-
sures based on the dual-mode sorption model. Without significant
swelling, the diffusivity should remain relatively constant as pressure
increases [54].

Fig. 5 (b) and (c) present the corrected time-lag and secant diffu-
sivities versus feed pressure, respectively. Even after correction for
nonideality via Darken’s relationship (Eq (15)), the time-lag diffusivities
increased with the feed pressure, likely due to the invalid assumption of

A
s u
10710+ & L e
LE N
(2] u - A A
NE A A A = L
= A = " A
8104 = N .
" - Increasing pressure
A —_—
- 1x 2x 3x
35 50 65
(d) Temperature (°C)

0.5 1 15
Intramembrane concentration (mmol g™')

Fig. 5. CH,4 and CO, (a) permeability, (b) corrected time-lag diffusivity (Dg,corr), and (c) corrected secant diffusivity (Dsec,corr) at 35, 50, and 65 °C under increasing
feed pressures (1x , 2x , and 3x original feed pressure) in PIM-COOH and a 30 vol% MMM. (d) Self-diffusivities obtained from NMR for a 30 vol% MMM with

various CO, and CHy4 loadings at 35 °C.
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Henry’s law sorption behavior in the time-lag method. Paul demon-
strated that the time lag decreases with pressure when Eq (1) is applied
to glassy polymers, leading to an increase in time-lag diffusivity with
pressure [21]. In contrast, the corrected secant diffusivity remained
constant over the range of pressures tested, aligning with expectations
for samples without structural changes during the permeation test. The
pressure dependence of the corrected transient sorption diffusivities (D,
corr) Was examined by fitting the CO, pressure decay profiles for all the
sorption pressure steps at 35 °C for PIM-COOH and MMM. Fig. S7 shows
that the fitted Dgscorr generally decreases with increasing pressure.
However, the large uncertainties resulting from the fitting prevent
definitive conclusions from being drawn about this pressure depen-
dence. Fig. 5 (d) shows that the self-diffusivities of CO5 and CHy4 in a 30
vol% MMM, as measured via PFG NMR, are independent of intra-
membrane concentration in the measured concentration range. This
observation aligns with expectations and the trends found for Dy corr.
The findings here underscore the importance of using appropriate
macroscopic methods to obtain transport diffusivities, as not only the
absolute values but also the dependence on other parameters can vary
substantially based on model assumptions.

5. Conclusions

This study provided a comprehensive investigation into the micro-
scopic and macroscopic measurements of CH4 and CO, diffusion be-
haviors in PIM-COOH and a PIM-COOH/UiO-66-NHy; MMM with 30 vol
% MOF loading, using °C PFG NMR and various macroscopic mea-
surement techniques. PFG NMR results for both pure PIM-COOH films
and MMM revealed mono-exponential and diffusion time-independent
attenuation curves that indicate uniform intra-membrane transport
properties for length scales comparable with or exceeding the smallest
measured RMSD (~1 pm). Macroscopically-measured diffusivities were
extracted from permeation tests using the time-lag method and direct
sorption analysis. The assumptions used in the time-lag method resulted
in systematically lower diffusivities with strong pressure dependence. In
contrast, the corrected secant diffusivities showed values comparable to
the self-diffusivities obtained from PFG NMR and exhibited minimal
pressure dependence, which is expected of non-plasticized membranes.
Diffusivities were also obtained from transient sorption experiments,
which yielded lower values and higher uncertainties compared to other
methods. Overall, this study highlights the strength of PFG NMR in
probing microscopic transport directly and underscores the significance
of employing the appropriate macroscopic methods to accurately
determine diffusivities in microporous material-based MMMs. The in-
sights gained provide valuable information for the future development
of advanced materials with improved gas separation properties.
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