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ARTICLE INFO ABSTRACT

Keywords: 13¢ pulsed field gradient (PFG) NMR was used to quantify self-diffusion of a p-xylene/o-xylene mixture inside
Self-diffusion zeolitic imidazolate framework-71 (ZIF-71) crystals dispersed in a Torlon polymer to form a ZIF-71/Torlon
PFG NMR mixed-matrix membrane (MMM). The corresponding reference PFG NMR measurements with a bed of a
xg‘;‘imamx membranes loosely packed bed of ZIF-71 crystals were also performed. This study is motivated by a demonstrated potential

of ZIF-based MMMs for liquid separations. Selective 13C isotopic labelling of each xylene isomer was used to
ensure that the self-diffusivity of each isomer in the mixture is measured independently and correctly. The
diffusion measurements were performed at different diffusion times at 296 K. The observed dependencies of
intra-ZIF self-diffusivities in ZIF-71/Torlon MMMs and the corresponding ZIF-71 crystal beds on diffusion time
were explained by an influence of the external crystal surface on the studied diffusion process. Analysis of the
time dependencies of the self-diffusivities measured for each xylene isomer allowed obtaining intra-ZIF self-
diffusivities not perturbed by crystal surface effects as well as the corresponding diffusion selectivity for the
studied sorbate mixture. The reported selectivity of around 4 demonstrates promising separation behavior of the
considered membrane type.

Liquid separations

1. Introduction

Mixed-matrix membranes (MMMs), which are formed by dispersing
porous filler particles in a polymeric matrix, have exhibited a superior
separation capability than the pure polymeric membranes [1-12].
Hence, MMMs represent a promising membrane technology for
energy-efficient gas and liquid separations. The enhanced separation
properties of MMMs result from the molecular sieving and/or selective
adsorption properties of filler particles integrated with the mechanical
properties and scalability of pure polymers. Across a variety of different
organic/inorganic fillers, zeolitic imidazolate frameworks (ZIFs) have
demonstrated notable advantages related to their good chemical and
thermal stabilities coupled with tunable pore sizes and/or apertures in
the range of about 0.2-2.0 nm [13-15].

Many different types of ZIF-containing MMMs have been investi-
gated for gas and/or liquid separations using simulation and experi-
mental techniques (see, for example [10-12,16-24]). In particular,
ZIF-71-based MMMs have been explored for separation of liquid sor-
bates exhibiting larger sizes than light gas molecules [25-27]. ZIF-71 is
composed of fully coordinated Zn metal centers and dichloromidazole
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ligands with a crystallographic pore aperture of 4.2 A [13]. This aper-
ture size, which is larger than those of many other well-studied ZIFs,
such as ZIF-8, makes ZIF-71 attractive for molecular sieving of liquid
sorbates exhibiting molecular sizes larger than those of light gases
including carbon dioxide and methane.

The diffusion process through MMMs is rather complex because
diffusivities are usually different in the various MMM components (i.e.
polymer and filler). As a result, microscopic diffusion measurements
performed selectively for a particular MMM component are needed in
addition to conventional macroscopic measurements through the entire
membrane for a better quantification and understanding of the MMM
diffusion process. In particular, quantifying diffusion inside a ZIF
component of MMMs is important as transport properties of this
component can change due to confinement in a polymer [12,28-32].
Until now, such changes were directly observed only for a diffusion of
gas molecules [28-30]. In addition to PFG NMR, other microscopic
experimental techniques including infrared microscopy (IRM) and
interference microscopy (IFM) have demonstrated the capability to
measure diffusion inside microporous crystals, such as zeolite and ZIF
crystals [33-36]. However, IRM and IFM are not expected to be suitable
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for measurements of intra-crystalline diffusion in microporous crystals
located inside MMMs. IRM and IFM techniques rely on the measure-
ments of the IR or visible light transmitted through a porous sample. For
MMM samples, the polymer phase and more than a single crystal at
different orientations are expected to contribute to the measured data.
This significantly complicates the processing and interpretation of the
measured data. In addition to measurements, molecular dynamics (MD)
simulations can be used to study intra-crystalline diffusion [33].

In our recent work, we have demonstrated successful measurements
of intra-ZIF diffusion in an MMM for a single component liquid using
pulsed field gradient (PFG) NMR [37]. Since in separations more than
one molecular component is typically present inside a membrane, it is
important to have an ability of quantifying diffusion for liquid mixtures
in MMMs. Motivated by this consideration, in the present work we
expanded our recent study of an intra-ZIF diffusion inside MMM [37] to
a two component mixture. A p-xylene/o-xylene mixture, which is rele-
vant for separation applications, was selected. Diffusion studies were
carried out at 296 K using the !3C PFG NMR at 17.6 T and large magnetic
field gradients (up to 23 T/m) in a way allowing separate diffusion
measurement for each molecular component in the mixture. To our
knowledge, this work represents the first report on quantifying diffusion
of mixed liquid sorbates inside porous filler particles confined in MMMs.

2. Experimental
2.1. Preparation of ZIF-71

ZIF-71 was prepared following a modified version of a previous
synthesis procedure [38]. 0.585 g of zinc acetate dehydrate (2.67 mmol)
was dissolved in 100 mL of methanol. Separately, 1.461 g of 4,5-dichlor-
oimidazole (10.67 mmol) was dissolved in 100 mL of methanol. 0.581 g
of imidazole (8.53 mmol, 0.8 equivalents relative to 4,5-dichloroimida-
zole) was added to the 4,5-dichloroimidazole solution and dissolved
with sonication. The two solutions were combined and allowed to sit
undisturbed at room temperature for two days. The product was isolated
by centrifugation. This product was washed with N-methyl-2--
pyrrolidone (NMP) for three days, replacing with fresh NMP each day by
decanting without centrifugation. The large ZIF crystals were then
washed with methanol for three days, replacing with fresh methanol
each day, and dried at 383 K under vacuum overnight. Fig. S1 shows
scanning electron microscopy (SEM) images of ZIF-71 crystals and of the
corresponding mixed matrix membrane discussed below. Fig. S2 pre-
sents the crystal size distribution, which was determined by analyzing
SEM images in the image processing software ImageJ and measuring the
size of ~100 randomly selected crystals. The powder x-ray diffraction
patterns are presented in Fig. S3. Despite a minor shift to the right, the
pattern shows good consistency with the predicted one from literature
(Fig. S3). The ZIF surface area was investigated with N, physisorption on
a Quadrasorb from Anton-Parr (Fig. S4). The BET surface area was found
to be slightly lower than in the previous report [38]. This decreased
surface area is likely due to some of the modulating linker remaining
trapped within the framework; however, the crystals still maintain a
high surface area of over 650 m?/g.

2.2. ZIF-71/Torlon MMM synthesis

0.7 g of ZIF-71 and 0.3 g of dried Torlon were dissolved in 5.6 g NMP.
The mixture was placed on a rolling mixer under a heat lamp (creating
an ambient temperature of ~328 K) until complete polymer dissolution,
usually 1-2 days. The mixture was sonicated 10 times in 30 s intervals
with a Branson Digital Sonifier set at 30% amplitude, with approxi-
mately 1 min between sonications. A clean glass plate was heated on a
hot plate set to 393 K in a fume hood. The dope was cast on the glass
plate using the film casting technique and a 10 mil casting knife. The
resulting film was allowed to dry on the plate overnight. The film was
peeled off the plate and washed with methanol for three days, replacing
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with fresh methanol each day. The film was then dried at 383 K under
vacuum overnight. No noticeable defects were observed in the MMM
sample by SEM (Fig. S1B). Fig. S5 shows a comparison of the MMM and
neat ZIF powder XRD patterns. The patterns show good agreement,
suggesting that the ZIF filler is present in the membrane and maintains
its crystal structure throughout the membrane fabrication process.

2.3. Preparation of NMR samples

The PFG NMR samples were prepared in a similar way as described in
Ref. [37]. The tightly packed strips of ZIF-71/Torlon MMM with a height
of about 30 +£ 5 mm were inserted into 5 mm NMR tubes (Wilmad
Labglass, Inc.). Similarly, ZIF-71 crystals were packed inside 5 mm NMR
tubes to reach a height of about 20 + 5 mm. The samples were attached
to a custom-made vacuum system to degas overnight at 373 K before
sorbate loading. After degassing, the samples with the MMM or ZIF-71
crystal bed were loaded with an approximately equimolar mixture of
two xylene isomers, i.e. p-xylene and o-xylene. Some samples were
prepared with both isomers to be '*C-labeled: 99% isotopic purity
13C,-labeled p-xylene (Sigma-Aldrich), and 99% isotopic purity
13Cy-labeled o-xylene (Sigma-Aldrich). A fraction of the samples was
prepared with one unlabeled isomer, i.e. p-xylene (Sigma-Aldrich) or
o-xylene (Sigma-Aldrich), while the other isomer was 13C2-labeled. The
loading was carried out by cryogenically transferring into the NMR
samples the desired amounts of the two xylene isomers using liquid
nitrogen. After loading, the samples were flame sealed and removed
from the vacuum system. For all the samples, enough liquid sorbates
were loaded to ensure the conditions of sorption equilibrium with the
saturation vapor pressure of each sorbate.

Intra-ZIF xylene concentrations in the samples with ZIF-71 beds were
estimated similarly as discussed in Ref. [37] for single components.
Briefly, the total amount of each sorbate in the samples was estimated
from the measured magnitude of the corresponding *C NMR spectra
(viz. the area under the spectrum). For these measurements we used
identically prepared samples with the isomer mixtures where only one
isomer was 13C labeled. Clearly, it can be assumed that for such samples
only the labeled isomer was measured by '3C NMR. It is important to
note that '3C labeled xylene molecules located inside and outside of
ZIE-71 crystals contributed to the measured spectra. To estimate the
intra-ZIF fraction of the signal, a difference between the 3C T, NMR
relaxation times for the molecules located inside and outside the crystals
was used. 13C T, NMR relaxation time measurements will be discussed
below. In addition to the T values inside and outside the crystals, these
measurements also yielded the corresponding molecular fractions. For
each '3C labeled xylene isomer, the intra-ZIF sorbate amount in a ZIF
bed sample was estimated by multiplying the intra-ZIF component
fraction form the 13C To NMR relaxation measurements with the total
amount of the sorbate in the sample. Table 1 shows the intra-ZIF con-
centration values at 296 K for the studied mixture. Owing to the pro-
cedure of sample loading, viz. sample equilibration with the sorbates at
the saturation vapor pressures, the corresponding intra-ZIF concentra-
tion in the studied ZIF-71/Torlon MMMs are expected be the same as
those in the ZIF-71 bed samples.

Table 1

Intra-ZIF liquid sorbate concentrations of p-xylene and o-xylene
in the studied mixture in the ZIF-71 bed samples obtained
using'®C NMR signal analysis at 296 K.

Sorbate Sorbate loading (mmol/g)"
P-xylene 0.56
O-xylene 0.52

# 20-30% experimental uncertainty.
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2.4. NMR measurements

13C NMR measurements were performed using a wide bore 17.6 T
Avance III HD spectrometer (Bruker Biospin) operating at a resonance
frequency of 188.6 MHz. For diffusion measurements. 13C PFG NMR was
used instead of 'H PFG NMR to benefit from the larger T, NMR relax-
ation times of '3C nuclei than 'H nuclei in the samples studied in this
work. The '3C PFG NMR spectrum of p-xylene and o-xylene exhibited a
single line at around 21 and 20 ppm, respectively, referenced to the
sample containing 40% 1,4-dioxane in benzene-dg (Sigma-Aldrich).
Under our conditions of PFG NMR measurements, it was not possible to
resolve the spectrum of each isomer in the isomer mixtures.

Magnetic field gradients with sine shapes and strengths up to 23 T/m
were generated using diff50 diffusion probe (Bruker Biospin) at 17.6 T.
Duration of magnetic field gradients were chosen between 1 and 2 m s.
The total time of diffusion experiments varied between 3 and 6 h with
the total number of scans 64-128. The repetition delays were between 8
and 15 s, i.e. at least 1.5 times larger than the respective T; NMR
relaxation time. Samples were kept inside the magnet at the measure-
ment temperature for at least 1 h to ensure sorption equilibrium before
performing any NMR measurements. During the NMR measurements,
several experiments with identical parameters were repeated after each
couple of hours. There was no observed change in the measurement
results indicating no change in the intra-ZIF sorbate loading during
measurements of each sample that lasted many hours.

The 13-interval PFG NMR pulse sequence with an addition of the
eddy current delay was used to perform the diffusion measurements [39,
40]. The self-diffusion coefficients (D) were acquired by measuring PFG
NMR attenuation curves, i.e. normalized area under the PFG NMR signal
(S) measured as a function of the gradient amplitude (g) [33,39,41-44].

S 2 2
Y= %zexp( - %) =exp(—Dtq?), (@)

where ¥ is attenuation of PFG NMR signal, < r2 > is the mean square
displacement (MSD), q = yg5, y is the gyromagnetic ratio, & is the
normalized magnetic field gradient durations, and t is the diffusion time
as described in Refs. [39,44,45]. For three-dimensional diffusion, MSD is
related to D and ¢ by Einstein relation as [33].

< r*(t) >= 6Dt. 2

For two molecular ensembles diffusing with different self-
diffusivities, Eq. (1), can be re-written as [33,41,42].
S(g)

Y= S a) = o ep(-Da). @

where p; and D; are population fraction and self-diffusivity of ensemble i,
respectively. All reported experimental uncertainties in self-diffusivities
were estimated by reproducibility of the diffusion data measured with
several different PFG NMR samples prepared following an identical
procedure.

Longitudinal (T;) and transverse (T3) 13C NMR relaxation measure-
ments were carried out in the same manner as discussed in Ref. [37]
using standard inversion recovery and standard
Carr-Purcell-Meiboom-Gill (CPMG) pulse sequences, respectively. In
CPMG pulse sequence, tau was equal to 100 ps. The T; relaxation
measurements showed existence of a single Ty NMR relaxation time
corresponding to sorbate molecules located inside each NMR sample
(Table 2). The results of T, relaxation measurements exhibited presence
of two molecular ensembles with two different To NMR relaxation times.
In this case, a bi-exponential fitting was used to obtain the values of T,
NMR relaxation times and the corresponding molecular ensemble frac-
tions (Table 2). These fractions were assigned to the molecules located
outside of ZIF-71 crystals and/or ZIF-71/Torlon MMMs (ensemble 1)
and molecules located inside ZIF crystals (ensemble 2). No
intra-polymer T, ensemble was observed for MMM samples in NMR
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Table 2
13C T, and T, NMR relaxation times measured for the studied mixture samples at
17.6 T and 296 K.

Samples Sorbate Ty, T, 1, T, 2, P P2
measured by'3C s ms ms
PFG NMR

ZIF-71 loaded withp-  Both 7.2 45 11.2 0.67  0.33
xylene/o-xylene
mixture

ZIF-71 loaded withp-  P-xylene 4.8 35 7.1 071  0.29
xylene/o-xylene
mixture

ZIF-71 loaded withp-  O-xylene 6.8 34 10.5 0.68  0.32
xylene/o-xylene
mixture

ZIF-71/Torlon MMM  Both 9.7 1.4 18.4 0.72  0.28
loaded with p- X
xylene/o-xylene 10%
mixture

ZIF-71/Torlon MMM  P-xylene 8.7 1.4 19.3 0.76  0.24
loaded with p- X
xylene/o-xylene 10%
mixture

ZIF-71/Torlon MMM  O-xylene 9.4 1.0 27.7 0.64 0.36
loaded with p- X
xylene/o-xylene 10°

mixture

relaxation measurements. This is in agreement with our previous mea-
surements of liquid molecules in Torlon-based MMM discussed in
Ref. [37]. The absence of the intra-polymer component is related to a
combination of a low concentration and short T, times of the studied
sorbates in the polymer. All reported NMR studies were performed at
296 K.

3. Results and discussion

Figs. 1 and 2 show examples of the measured 13C PFG NMR atten-
uation curves at 296 K for diffusion of an approximately equimolar
mixture of p-xylene/o-xylene in ZIF-71 crystal beds and ZIF-71/Torlon
MMMs, respectively. The data shown in Fig. 1 correspond to the case
when only one type of sorbate in the mixture was measured by °C PFG
NMR because the other isomer in the samples was not 13C labeled.
Additional diffusion measurements were performed in ZIF-71 crystal
beds and ZIF-71/Torlon MMM samples in which both types of sorbates
in the mixture were '3C-labeled. It was observed that the !3C NMR
spectra of both studied isomers consist of a single line at around 20 ppm.
As a result, when both isomers in a sample were 13C labeled, it was not
possible to measure 13C PFG NMR attenuation curves separately for each
isomer. Hence, for these samples, both isomers contributed to the
measured °C PFG NMR attenuation curves (Fi g. 2). The advantage of
the measurements of such samples is related to the fact that in this case
the diffusion of both types of sorbates were measured in the same sample
and at the same time. The latter measurements allowed eliminating an
additional experimental uncertainty that might arise in measurements of
different samples prepared in an identical manner. As demonstrated
below, the observed agreement between the diffusion data obtained
under the same conditions with the samples where only one or both
xylene isomers together were measured, confirm the reliability and
validity of the reported data for each isomer.

It can be seen in Fig. 1 that the PFG NMR attenuation curves deviate
from the monoexponential behavior (i.e. the case when all the sorbate
molecules diffuse with a single self-diffusivity, as predicted by Eq. (1)).
The attenuation curves exhibit a rapid initial decay continued by a
slower decay, which indicates the presence of minimum two diffusion
ensembles of the same sorbate type with two different self-diffusion
coefficients. In all cases, it was observed that Eq. (3), which assumes
the existence of two diffusion ensembles, can describe the attenuation
curves satisfactorily. In complete analogy with the self-diffusion data



A. Baniani et al.

A 5ms
v 9ms
® 17ms
4 34ms
» 69ms
ZIF-71, p-xylene A
T T T 1
0 5x1g*° ) 1x10" 2x10"
1 %
gtsm
14
A 5ms
v 9ms
® 17ms
<4 34ms
0.14
ZIF-71/Torlon MMM, p-xylene C
0.01 -4 T T 1
0 5x10" 1x10" 2x10""
2 1._.-2
gt,sm

Microporous and Mesoporous Materials 338 (2022) 111960

9ms

17 ms
34 ms
69 ms

v Aeo4«

0.1+

ZIF-71, o-xylene B
T T T T 1
0 1x10" 2x10" 3x10" 4x10" 5x10""
2 1 -2
gtsm

9ms

17 ms
34 ms
69 ms

vaAod

D

5x10"

ZIF-71/Torlon MMM, o-xylene
T T

2x10" 3x10"" 4x10"

qzt’ I

0 1x10"

Fig. 1. 13C PFG NMR attenuation curves measured at 296 K in a ZIF-71 crystal bed (A,B) and ZIF-71/Torlon MMM (C,D) loaded with the p-xylene/o-xylene mixture.
Data in A and C corresponds to p-xylene diffusion and data in B and D corresponds to o-xylene diffusion. The measurements were carried out for different diffusion
times shown in the figure. The solid lines represent the results of least-square fitting using Eq. (3). Only one sorbate indicated in the figure was measured by *C PFG

NMR because only this sorbate was 3C-labeled.
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Fig. 2. 1C PFG NMR attenuation curves measured at 296 K in a ZIF-71 crystal bed (A) and ZIF-71/Torlon MMM (B) loaded with the p-xylene/o-xylene mixture. Both
sorbates in the mixture were '*C-labeled and contributed to the measured curves. The measurements were carried out for different diffusion times shown in the

figure. The solid lines represent the results of least-square fitting using Eq. (3).

obtained for single component xylenes discussed in Ref. [37], the faster
diffusing ensemble was attributed to sorbate molecules diffusing most of
the time outside of the ZIF-71 crystals (for ZIF-71 bed samples) or
outside of the MMMs (for the ZIF-71/Torlon MMM samples). At the
same time, the slower diffusing ensemble was attributed to the intra-ZIF
self-diffusion. No PFG NMR signal corresponding to the intra-polymer
self-diffusion was observed for the MMM samples due to short To NMR
relaxation times combined with small fraction of sorbate molecules in

the polymer phase. This observation was found to be in a complete
agreement with our previous single component xylenes diffusion data
where no PFG NMR signal was observed for the intra-polymer self--
diffusion [37].

Similarly, the PFG NMR attenuation curves shown in Fig. 2 deviate
from the monoexponential behavior. However, the initial decays of the
reported attenuation curves are not as sharp as that seen in Fig. 1. For
these curves, the smallest gradient amplitude was chosen to be
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sufficiently strong so that all contributions from the faster diffusing
ensemble corresponding to the sorbate molecules mostly diffusing
outside of ZIF-71 crystals or MMM were attenuated away already at the
smallest gradient. This was done to eliminate an additional uncertainty
arising from a tri-exponential fitting function (i.e. modified Eq. (3) with
three instead of two terms in the right-hand part), which would other-
wise be needed for describing the diffusion data. The removal of the
contribution from the diffusion outside of ZIF-71 crystals or MMM
allowed using Eq. (3) for fitting the PFG NMR diffusion data in Fig. 2. In
this case, the two measured ensembles correspond to intra-ZIF diffusion
of the two xylene isomers.

Table 3 shows the data for the diffusion of the intra-ZIF ensembles of
both isomers. These data results from least square fitting of the
measured PFG NMR attenuation curves (Figs. 1 and 2) by Eq. (3). It can
be seen from the table that the intra-ZIF self-diffusivities of each sorbate
type decreases as the diffusion time and the corresponding root MSD
increases. As already discussed in detail in our recent work [37], such
behavior is a consequence of an influence of the external crystal surface
on the trajectories of the diffusing molecules which reach this surface.
Clearly, the intra-crystalline displacements cannot accede the crystal

Table 3
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dimensions. This leads to the observed decrease in the measured diffu-
sion coefficients with increasing diffusion time. Such self-diffusivity
dependencies can be used to estimate intra-ZIF self-diffusivities Dy,
which are not influenced by the external crystal surface by applying an
analytical relations proposed by Mitra et al. for self-diffusion inside
porous spherical particles with radius R [46,47]

0.5
DOy L (2)”, @
Do 3R\ 7
where f = 4 and 2, respectively, for the reflecting and adsorbing crystal
surfaces. Reflecting boundaries correspond to reflections of diffusing
molecules from the crystal external surface. Such reflections can happen
due to a lower inside than outside of crystals potential energy of guest
molecules and/or presence of clogged pore entrances at the external
crystal surface. In the case of adsorbing boundaries, guest molecules
with larger displacements have a higher probability to exit the original
crystal and stop contributing to the intra-ZIF ensemble. The removal of
“fastest” molecules reduces the measured self-diffusivity. Eq. (4) was
utilized to fit the measured intra-ZIF self-diffusivity dependencies on
diffusion time (D(t)) to estimate the Dy values for each studied isomer

Diffusion data corresponding to the'*C PFG NMR attenuation curves measured at 296 K for the p-xylene/o-xylene mixture in ZIF-71 crystal beds and ZIF-71 Torlon

MMMs. The root MSDs were calculated by Eq. (2).

Sample Sorbate measured Diffusion time Dy xylenes Root MSD (p- Do-xylenes Root MSD (o- Dp- Po-
by'3C PFG NMR (ms) 10-12 "ﬁ xylene), pm 10-12 miz xylene), pm xylene xylene
ZIF-71 bed loaded with p-xylene/o- Both 9 0.14 + 0.03 0.84 + 0.08 0.031 + 0.40 + 0.04 0.25 0.75
xylene mixture 0.006
17 0.12 + 0.03 1.1+0.1 0.025 + 0.50 £+ 0.05 0.28 0.72
0.005
34 0.11 + 0.02 1.5+ 0.2 0.023 £+ 0.68 + 0.07 0.26 0.74
0.005
69 0.11 £+ 0.02 2.1+0.2 0.021 + 0.93 £+ 0.09 0.23 0.77
0.004
P-xylene 5 0.15 + 0.04 0.70 + 0.09 - - - -
0.10 £+ 0.03 0.8+0.1 - - - -
17 0.093 + 1.0+0.1 - - - -
0.023
34 0.082 + 1.3+0.2 - - - -
0.021
69 0.074 + 1.8+0.2 - - - -
0.019
O-xylene 9 - - 0.039 + 0.46 + 0.06 - -
0.009
17 - - 0.032 + 0.57 + 0.07 - -
0.008
34 - - 0.029 + 0.8 +0.1 - -
0.007
69 - - 0.027 + 1.1+0.1 - -
0.007
ZIF-71/Torlon MMM loaded with p-  Both 9 0.14 + 0.03 0.84 + 0.08 0.036 + 0.43 + 0.04 0.28 0.72
xylene/o-xylene mixture 0.007
17 0.11 + 0.02 1.1+0.1 0.027 + 0.52 + 0.05 0.41 0.59
0.006
34 0.085 + 1.3+0.1 0.023 + 0.68 + 0.07 0.50 0.50
0.017 0.005
69 0.083 + 1.9+0.2 0.019 + 0.088 + 0.09 0.52 0.48
0.017 0.004
P-xylene 5 0.14 + 0.03 0.67 + 0.08 - - - -
0.10 + 0.03 0.75 + 0.09 - - - -
17 0.091 + 1.0+ 0.1 - - - -
0.023
34 0.073 + 1.2+0.2 - - - -
0.018
O-xylene 9 - - 0.039 + 0.46 + 0.06 - -
0.010
17 - - 0.031 + 0.57 + 0.07 - -
0.008
34 - - 0.031 + 0.8 +£0.1 - -
0.008
69 - - 0.028 + 1.1+0.1 - -

0.007
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and sample (Fig. 3). Due to an existence of a broad distribution over the
crystal sizes (Fig. S2) the value of f could not be quantified.

The resulting values of D are presented in Fig. 3 and Table 4. These
data show that for the same sorbate type there is a consistency, within
experimental error, between the D values for the ZIF-71 crystal bed and
MMM. In complete analogy with the self-diffusion data obtained for
single component sorbates discussed in Ref. [37], no effect of ZIF-71
crystal confinement in Torlon polymer was observed on intra-ZIF
self-diffusion.

Table 5 lists the ratios of Dy values for the two xylene isomers, viz.
diffusion selectivities, obtained for the self-diffusion in the ZIF-71 crystal
beds and in the corresponding ZIF-71/Torlon MMMs under the identical
or similar conditions. It can be seen in Table 5 that for both the crystal
beds and MMMs, the Dy values for smaller p-xylene (5.8 A [48]) are
greater by a factor of ~4 than those for larger o-xylene (6.8 A [48D).

Comparison in Table S1 between the values of Dy reported previously
for the one-component xylene isomers in Ref. [37] and those presented
here for the mixed isomers indicates that replacing about half of mole-
cules of either type of the isomer with the molecules of the other isomer
does not change the values of Dy, within uncertainty. Similarly, the
intra-ZIF self-diffusion selectivities for the p-xylene/o-xylene mixture
(Table 5) were found to be in agreement with the corresponding selec-
tivities obtained for the samples loaded with a single isomer [37].
Separation of mixtures of xylene isomers, which are typically produced
in catalytic reforming of crude oil, is a challenging separation owing to
the similarity of the properties of these isomers. Clearly, an optimization
of this separation using MMMs requires knowledge of diffusion under
conditions when more than a single molecular component is present
inside membranes. This consideration emphasizes the importance of
diffusion studies performed in the current study with the isomer
mixture. The reported diffusion selectivity of around 4 for the studied
xylene isomer mixture demonstrates promising separation behavior of
the considered MMM.

4. Conclusion

13C PFG NMR was used to study diffusion of an approximately
equimolar mixture of p-xylene and o-xylene inside ZIF-71/Torlon MMM
and in the reference samples of ZIF-71 crystal beds. It was observed that
the intra-ZIF self-diffusivities in ZIF-71/Torlon MMMs and the corre-
sponding ZIF crystal beds decrease with increasing diffusion time. The
dependencies of self-diffusivities were explained by the effects at the
external crystal surface arising from restrictions of the intra-ZIF diffu-
sion displacements by the ZIF-71 crystal sizes. Using a well-established

3.2+

O ZIF-71, p-xylene @ ZIF-71/Torlon MMM, p-xylene
¥ ZIF-71, p-xylene ¥ ZIF-71/Torlon MMM, p-xylene

N
i
L

D, 10" m%s

0.8 4

T T
0 1x10” 2x10"
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Table 4

Intra-ZIF self-diffusivities in the limit of small diffusion times (Dy) at 296 K
obtained by fitting the PFG NMR data with Eq. (4) for ZIF-71 crystals and ZIF-
71/Torlon MMM samples.

Sample Sorbate measured Do, p-xylene Do, o-xylene
by'3C PFG NMR 107 m?%s5) (1071 m%/s)

ZIF-71 loaded with p- P-xylene 0.15 + 0.04 -
xylene/o-xylene mixture

ZIF-71 loaded with p- O-xylene - 0.042 +
xylene/o-xylene mixture 0.011

ZIF-71 loaded with p- Both 0.14 + 0.03 0.034 +
xylene/o-xylene mixture 0.007

ZIF-71/Torlon MMM P-xylene 0.16 + 0.04 -
loaded with p-xylene/o-
xylene mixture

ZIF-71/Torlon MMM O-xylene - 0.042 +
loaded with p-xylene/o- 0.011
xylene mixture

ZIF-71/Torlon MMM Both 0.15 £+ 0.03 0.041 +
loaded with p-xylene/o- 0.008

xylene mixture

Table 5
Diffusion selectivities, i.e. intra-ZIF self-diffusivity ratios in the limit of small
diffusion times (Do), for ZIF-71 crystals and ZIF-71/Torlon MMMs at 296 K.

Type of Ratios of Dy values for ZIF- Ratios of D, values for ZIF-71/
mixture 71 beds (Do, zir/Do,z1r) Torlon MMMs (Do yivivi/Do,vnvin)
P-xylene/o- 3.6° 3.8°

xylene®
P-xylene/o- 4.1 3.7¢

xylene”

2 Only one sorbate in each mixture sample was'*C-labeled and measured
by'3C PFG NMR.

b Both sorbates in the mixture sample were'>C-labeled and measured by'3C
PFG NMR.

¢ 40% experimental uncertainty.

4 30% experimental uncertainty.

approach, the measured time dependencies of the intra-ZIF self-diffu-
sivities were utilized to obtain the intra-ZIF self-diffusivities (D), which
were not perturbed by the influence of the external crystal surface.
Under the same or similar experimental conditions, the values of D,
within uncertainty, were found to be the same in ZIF-71/Torlon MMMs
and in the corresponding ZIF beds for each type of sorbate used. In
complete analogy with the self-diffusion data obtained for single
component xylenes discussed in our recent work [37], no influence of

0.8
A ZIF-71, o-xylene A ZIF-71/Torlon MMM, o-xylene
& ZIF-71, o-xylene ~ m ZIF-71/Torlon MMM, o-xylene

0.5 0:5
£, s

Fig. 3. Self-diffusivities at 296 K for p-xylene (A) and o-xylene (B) plotted as a function of t*° for the studied ZIF-71 crystal beds (empty symbols and empty symbols
with crosses) and ZIF-71/Torlon MMM (filled symbols and half-filled symbols) samples loaded with the p-xylene/o-xylene mixture. The solid lines represent results of
least-square fitting using Eq. (4). The data were measured by the 13-interval PFG NMR pulse sequence at 17.6 T. Hollow symbols with crosses and half-filled symbols
correspond to the samples where both sorbates were measured by >C PFG NMR. All other symbols correspond to the measurements were only a single sorbate

was measured.



A. Baniani et al.

the ZIF-71 crystal confinement in Torlon polymer on intra-ZIF self--
diffusion of the studied mixture was observed. The intra-ZIF diffusion
selectivity for the diffusion of the mixture of the xylene isomers in the
MMM was found to be about 4, which shows promise of the studied
membranes in the separation applications. To our knowledge, this work
represents the first direct quantification of a diffusion selectivity for
mixed liquids inside filler particles of MMMs.
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