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Abstract

Zeolite imidazolate frameworks (ZIFs) possess exceptional chemical and thermal stabilities together with tunable
pore sizes, high porosities, and large surface areas which opens new and exciting application areas of ZIFs, such
as gas separation and purification. Although, there have been significant number of studies investigating syngas
separation performances of ZIFs, currently very little is know about their noble gas separation performances. We,
therefore, computationally investigate adsorption and membrane oriented Xe/Kr and Xe/Ar separation
performances of ZIF-6, ZIF-60, ZIF-65, and ZIF-79. Single component and mixture gas uptakes, Xe adsorption
selectivities, gas permeabilities, and Xe permeation selectivities are predicted for all ZIFs under consideration.
Our results suggest that while ZIF-79 is ideal for adsorption-based Xe separation, ZIF-60 can be considered as a
promising candidate for membrane oriented separation of Xe.

Keywords: GCMC, classical MD, adsorption, diffusion

Zeolitik-imidazolat Iskelet Yapilarinin Adsorpsiyon ve Difiizyon-bazh Soy-
gaz Karisimi Ayirma Potansiyellerinin Hesapsal Yontemlerle Incelenmesi

Oz

Zeolitik-imidazolat iskelet yapilarnin (ZIF), yiiksek kimyasal ve termal stabiliteye sahip olmalarmin yanisira
ayarlanabilir gbzenek boyutlari, yiiksek gozeneklilikleri ve genis yiizey alanina sahip olmalari; ZIF’ler i¢in gaz
ayirma ve saflastirma gibi yeni ve ilgi ¢ekici bir uygulama alani olusturmustur. ZIF'lerin sentez gazlar1 saflagtirma
performanslarini arastiran ¢ok sayida ¢aligma olmasina ragmen, soy-gaz ayirma performanslar1 hakkinda ¢ok az
bilgi birikimi mevcuttur. Bu nedenle, ¢alismamizda ZIF-6, ZIF-60, ZIF-65 ve ZIF-79'un adsorpsiyon ve diflizyona
dayali Xe/Kr ve Xe/Ar ayirma performanslarinin hesaplamali yontemlerle arastirilmasi amaglanmigtir. Tek
bilesenli ve karisim gaz adsorpsiyonlari, Xe adsorpsiyon segiciligi, gaz gecirgenligi ve Xe gecirgenlik segiciligi
arastirdigimiz ZIF'ler i¢in tahmin edilmistir. Sonuglarimiz, ZIF-79'un adsorpsiyona dayali Xe ayrimi i¢in ideal
olmasina ragmen, ZIF-60'm Xemin membran bazli ayirimi igin umut vaadeden bir aday olarak kabul
edilebilecegini gostermektedir.

Anahtar Kelimeler: GCMC, klasik molekiiler dinamik, adsorpsiyon, difiizyon

1. Introduction

There has been a significant development in the adsorption, diffusion, and separation of gas mixtures
using nanoporous materials. Having pioneered the synthesis of new materials, Park and Yaghi et. al [1]
introduced a higly porous membrane material called Zeolitic Imidazolate Frameworks (ZIFs). ZIFs are
synthesized through copolymerization of Zn(ll) or Co(ll) transition metals with imidazolate-type
(CsN2H3z ) linkers (Im)[2]. They are structurally similar to zeolites, where Si-O-Si bonds in zeolites are
replaced by (Zn/Co)-Im-(Zn/Co) bonds in ZIFs in which case both bonds have ~145° bond angles.
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Although, zeolites are heavily used in industry for catalytic and membrane-based applications,
one of their drawback appears in difficult incorporation of desired transition metals and organic linkers
to their structures. ZIF structures, on the other hand, can be considered as a solution for overcoming the
drawbacks in zeolite-based applications by improving performances through selectivity, electronic, and
steric properties [3]. By changing transition metals and organic linkers in the structure, wide variety of
ZIF membranes have been synthesized showing exceptional chemical and thermal stability and their
electronic and structural properties have been tailored for a target application [4].

In terms of adsorption and membrane based separation of gas mixtures, ZIFs are mainly
considered for separation of several gas mixtures, e.g., CO2/CH4, CO./CO, CO; /H,, CH4 /H2, and
COJ/N2 [5-9]. Although, their exceptionally high performance of gas separation and purification has
been especially validated for CO, , CH4 , and H> gas mixtures by many experimental and theoretical
works [10,13], we know very little about potential of the ZIFs for separation of noble gas mixtures, such
as Xe/Ar and Xe/Kr. Noble gases play significant role in both industry and biomedical applications
including imaging, anesthesia, nuclear magnetic resonance, thanks to their chemical inertness, low
solubility, and low conductivity. Noble gases and their radioisotopes are emitted to the atmosphere as a
by product of nuclear fission [14]. Besides, during cryogenic distillation of air Xe/Kr mixture of 0.2/0.8
molar concentration is obtained where further distillation is required to obtain pure Xe and Kr. The
current technologies for obtaining pure noble gases are energy intensive, hence, adsorption and diffusion
based separation of noble gases using nanoporous materials should be encouraged for a cheaper and
large scale purification of noble gases.

To date, there have been a few literature investigating noble gas separation performances of
ZIFs. Wang et al. [15] both experimentally and theoretically investigate Xe adsorption capacity of ZIF-
8, showing that at low pressures (< 1 bar) Xe uptake of ZIF-8 could reach 300 mg/g which is relatively
a good performance comparing with other metal organic frameworks (MOFs), such as IRMOF-1 and
UMCM-1. Same research group also show that Xe/Kr adsorption selectivity of CuBTC outperforms
ZIF-8, by 6.7, which is attributed to the Xe uptake tendency of open metal sites present in CuBTC [12].
Magdysyuk et al. [16] investigate Xe and Kr adsorption in ZIF-8 and results show that while metal sites
of ZIF-8 are not accessible by noble gases, imidazolate ligands shows tendecy for Xe and Kr adsorption.
Gurdal and Keskin [17] computationally explore separation and purification of Xe/Ar and Xe/Kr gases
in four ZIF structures, e.g, ZIF-1, ZIF-2, ZIF-3, and ZIF-10. According to the results, ZIF-1 and ZIF-2
shows higher Xe/Ar and Xe/Kr adsorption selectivities. Permeabilities of selected noble gas mixtures
through ZIF membranes, on the other hand, follows the order of ZIF-2>ZIF-10>ZIF-3 and ZIF-10>ZIF-
3>ZIF-2, respectively [18]. Literature on noble gas separation focuses on a few ZIF materials, hence,
the noble gas separation performance analysis of several ZIFs is still lacking.

The scope of this work is to computationally explore adsorption and permeation selectivities of
four representative ZIFs for Xe/Ar and Xe/Kr separations. We calculate single specie and binary
adsorption of Xe, Ar, and Kr by varying pressures applying Grand Canonical Monte Carlo (GCMC)
simulation method. Besides, self-diffusivities of Xe, Kr, as well as Ar species in their binary mixtures
are calculated by classical molecular dynamics. We compare Xe/Kr and Xe/Ar uptakes, gas
permeabilities, adsorption and permeation selectivities of ZIFs and discuss which material is more
appropriate for noble gas separations and which property is playing a critical role in adsorption and
membrane-based separation.

2. Computational Details

We use GCMC [19] simulation method to compute single specie adsorption of Xe, Kr, Ar and their
binary mixture adsorptions in ZIFs. Gas diffusivities and permeabilities, on the other hand, are
calculated using classical molecular dynamics simulations [20]. We focus on four representative ZIFs
having Zn and Co metal atoms, linkers, prosities, and pore dimensions which are summarized in Table
I. Among the ZIFs that we consider, ZIF-60 has the highest porosity, 70.82 %. While ZIF-6 and ZIF-60
have large pores, ZIF-65 and ZIF-79 have heterogeneity in pore sizes. All ZIFs contain Zn as transition
metal center, except for ZIF-65 which has Co instead. In terms of organic linkers, all the ZIFs in this
work have different organic linkers from each other. While ZIF-6 is (ZIF-65) composed of only Im
(nIm) linkers, ZIF-60 (ZIF-79) possesses mixed organic linkers of Im and mim (mbIm and nim).
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Tablo 1. Structural properties of ZIFs used in this work. For more details on structures, see Ref [19].
Imidazolate, methylimidazole, nitroimidazole, and methylbenzimidazole organic linkers
in ZIFs are abbreviated as Im, mIm, nlm, and mblm, respectively.
ZIF Metal Atom Linker Porosity (%)  Pore size (A)  Density (g/cm?®) Volume

materials (A3)
ZIF-6 Zn Im 62.70 8.2/8.8 0.764 6940
ZIF-60 Zn Im, mim 70.82 7.2/9.4 0.769 14270
ZIF-65 Co nim 67.90 3.4/10.4 1.095 5152
ZIF-79 Zn mblm, nim 56.87 4.0/7.5 1.075 11441

The atomic positions of all ZIFs under consideration are obtained from their XRD data [1-2].
Geometrical representations of ZIFs under consideration are depicted in Figure 1. Rigid structures of
ZIFs are used throughout our simulations, which is shown to be an appropriate estimate in our previous
works [17-18]. Spherical Lennard Jones 12-6 potentials are used to calculate atomic interactions [22].
Electrostatic interactions, on the the hand, are not considered which is shown to be an effective
assumption for the calculations of Xe and Kr uptakes of several MOFs [23] . Lorentz-Berthelot mixing
rules are applied to calculate gas-gas and gas-adsorbate cross interaction contribution. Force field
parameters of the ZIF atoms are taken from Dreiding force field [24] and, if not available, Universal
Force Field (UFF) [25] parameters are applied. Force field parameters of the gas species, instead, are
taken from previous studies [17, 26]. The Xe/Kr gas update predictions of UFF and Dreeding force
fields for several MOFs show good agreement with the experimental data [17]. A cutoff for the van der
Waals interactions is set to 13 A. While simulation box size of 2x2x2 is used for all GCMC simulations,
it is increased up to 3x3x3 during the molecular dynamics runs. Periodic boundary conditions are always
applied.

Figure 1. Ball and stick representations of a) ZIF-6, b) ZIF-60, c) ZIF-65, and d) ZIF-79. While organic
linkers are depicted with sticks, metal atoms Zn and Co are shown with blue and grey balls, respectively.

Single component and mixture adsorption data of gases are calculated via conventional GCMC
method. The temperature is set to 298 K, and pressure is increased from 1 bar to 10 bar, by 1 bar, and
from 15 bar to 30 bar, by 5 bar. Using this temperature and pressure set-up, concentration of adsorbed
phase molecules are determined at thermodynamic equilibrium. GCMC runs for each system at the
lowest pressure are started from an empty ZIF structure. At higher pressures, on the other hand, the last
configuration of the previous run is taken as a starting configuration of the next simulation. Simulations
consists of 3x107 trial configurations in total. While insertion, deletion, and translation moves are
considered for single component adsorption calculations, a swap of gas particles are also considered for
mixture adsorption runs. Adsorption selectivity of ZIFs for Xe from its binary mixtures are calculated
using the standard definition below [27].

Saas (/1) = xi/%; yi/y; 1)
where x and y are the adsorbed and feed gas phase molar fractions of the components in i/j mixture,

respectively. We calculate mixture self-diffusivities of each components by classical molecular
dynamics (MD) in NVT ensemble [28]. The self diffusivity, abbreviated as Dseir, depicts the motion of
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individual particles in a nanoporous material. Dses is calculated by Einstein relation as shown below
[29],

. 1,1 i
Dyery = lim (- Tl [1ia(®) = rc(0)]) )
where number of molecules is depicted by N and ri(t) shows the position of atom k of component i at
time t. NVT ensemble average is denoted by angular brackets. Temperature is kept constant using the
Nose-Hoover thermostat in all runs. We calculate Dseir of each atomic types in Xe/Kr and Xe/Ar samples
having 0.2/0.8 molar fractions at 10 bar. Initial MD states are created using appropriate loadings
calculated by GCMC simulations. After equilibrating each system for about 8 ns with MD, production
runs are collected for 16 ns. Permeation selectivities of ZIFs for Xe/Ar and Xe/Kr are calculated using
following equation [18],

. Xi/Xj Dseif (i)
S on (i/)) = —L=L2 3
permeatlon( /J) yi/yj Dself(j) ( )
The equation above predicts a membrane’s separation performance at a specific bulk pressure
(10 bar in our case), and feed gas composition obtained by GCMC simulation (also at 10 bar) at room
temperature. Gas permeability is another important criterion for deciding gas separation performances
of nanoporous materials [30] which is calculated as:

CiDserr(iy?
P, = -
L

In the expression above, permeability of species i in mol/(msPa) is depicted by P;, 9 and c; are
the pore volume of the material and adsorbed concentration of species i in the mixture (mol/m?3),
respectively. Feed gas fugacity of the species i, on the other hand, is depicted by fi (Pa). Gas
permeabilities of Xe is reported in Barrers in entire paper.

3. Results and Discussion

Single specie adsorption data of Xe, Ar, and Kr and their mixture adsorption data, Xe/Ar and Xe/Kr, in
corresponding ZIFs at 298 K are depicted in Figure 2 as a function of bulk pressure. In generel,
adsorption of single component Xe is larger than Kr and Ar in almost all ZIFs. The reason can be
attributed to the energetic effects. As it can be seen from Figure 2, Xe atoms adsorb to ZIF pores and
reaches saturation at lower pressures, however Kr and Ar atoms can still locate on adsorption sites in
ZIF pores enabling them to reach saturation at higher pressures. Single component adsorption of Kr in
ZIF-79 becomes slightly larger than Xe especially at higher pressures, entropic effects might be the
reasoning. In ZIF-65 single component adsorption data of Xe and Kr are similar, especially at higher
pressures. As it can be deduced from single component gas uptakes of ZIFs calculated by GCMC,
mixture adsorption data show that ZIFs prefer Xe over Kr and Ar in both Xe/Kr and Xe/Ar samples.
The reason is attributed to the strongly adsorbing Xe specie, which eliminates weakly adsorbing species
of Krand Ar in ZIFs. Xe uptake of ZIFs follows the order of ZIF-60> ZIF-79 > ZIF-6 > ZIF-65. While
same ordering also applies for single component Kr adsorption, in the case of Ar uptake performances
of ZIFs the ordering changes as ZIF-60 > ZIF-6 > ZIF-79 > ZIF-65. In the case of mixture adsorption
simulations, we observe that, in general, adsorption amount of each specie decreases substantially. The
difference between single component and mixture Xe uptake is significant in the case of Xe/Kr mixture
adsorption with respect to Xe/Ar. For instance, while in ZIF-60 single component Xe uptake is 70
molecules/unitcell, in the case of mixture adsorption Xe adsorption decreases to 45 and 30
molecules/unitcell in Xe/Ar and Xe/Kr mixtures, respectively. The reason in attributed to the energetic
effects. In mixture adsorption simulations Xe atoms has to compete with Kr and Ar adsorptions, where
adsorption sites of ZIF structure are occupied by Kr and Ar atoms before
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Figure 2. Single specie and mixture uptake data of Xe/Ar and Xe/Kr in (a - b) ZIF-6, (c - d) ZIF-60, (e - f) ZIF-
65, and (g - h)ZIF-79. Gas uptake calculations are carried out at 298 K. The composition of feed gas is set to
0.2/0.8 for both Xe/Kr and Xe/Ar. While empty symbols show single component adsorption data of each species,
filled symbols depict adsorption of species in binary mixtures. Black, red, and blue colors show the adsorption
data of Ar, Xe, and K, respectively.
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Xe adsorption, hence adsorption of Xe decreases in the mixture case. Comparing with Ar, Kr
has larger energy parameter, hence, ZIF adsorption sites are more strongly occupied by Kr atoms
explaining the larger decrease in Xe adsorption amount in Xe/Kr with respect to Xe/ Ar. We also observe
a decrease in Ar and Kr uptakes for gas mixtures with respect to their single component adsorption data.
For A, this result is more pronounced in the case of ZIF-79 where at 30 bar single component Ar
adsorption of 30 molecules/unitcell decreases to 3 molecules/unitcell in Xe/Ar mixture adsorption. In
the case of Kr, 43 molecules/unitcell single adsorption amount in ZIF-79 falls to 10 molecules/unitcell
in Xe/Kr mixture adsorption.

Mixture adsorption GCMC data is used to calculate Xe adsorption selectivities of ZIFs and
predict their adsorption-based noble gas separation performances. For an adsorption-based gas mixture
separations, sustaining the selectivity across several pressure ranges is one of the most important
characteristics of promising adsorbents. The adsorption selectivities of Xe/Ar and Xe/Kr mixtures
having 0.2/0.8 molar fractions are shown in Figure 3 as a function of pressure. Selectivity values larger
than 1 indicates that ZIFs are selectively separate Xe from its mixtures of Xe/Kr and Xe/Ar. ZIF-79
shows the largest Xe adsorption selectivity for both Xe/Ar and Xe/Kr. The trend in Xe adsorption
selectivity of all ZIFs, especially the ordering of ZIF-79 > ZIF-65 > ZIF-6 > ZIF-60, is similar for both
Xe/Kr and Xe/Ar samples. ZIF-79 shows larger Xe adsorption selectivity especially at low pressures,
between 1 bar and 10 bar. The other ZIFs, instead, show slight decrease in Xe adsorption selectivity
with increase in pressure. All the ZIFs that we consider, Xe adsorption selectivity decreases gradually
as pressure increases. This effects is more pronounced in ZIF-79, where Xe adsorption selectivity of 50
(12) in Xe/Ar (Xe/Kr) mixture at 1 bar, drops to 20 (7) at 30 bar.
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Figure 3. Adsorption selectivity of ZIFs with respect to feed pressure for (a)Xe/Ar and (b)XeKr
separations.

Concerning the pore dimensions of the ZIFs under consideration, ZIF-79 and ZIF-65 have
heterogeneous pore dimensions being 4.0/7.5 A and 3.4/10.4 A respectively, see Table 1. ZIF-60 and
ZIF-6, on the other hand, have larger pore dimensions. Our results show that ZIFs possessing
heterogenous pore sizes favor more Xe adsorption which leads to larger Xe adsorption selectivities.
Larger pore sizes, instead, enables adsorption of each species which results in lower Xe uptake
selectivities for both Xe/Kr and Xe/Ar samples. Entropic effects are considered to be the main reason
of this observation. Xe atom shows strong confinement with the ZIFs having smaller pores. The
confinement of Kr and Ar, on the other hand, can be thought as being smaller and being similar in both
small and larger pores leading to comparable adsorption strength. The enchanced confinement of Xe in
ZIFs having small pores, thus, results in larger Xe adsorption selectivities. Our result also agrees with
the literature where MOFs having heterogeneous pore-sizes, such as ZIF-1 and ZIF-2, also show larger
Xe adsorption selectivities with respect to the MOFs with larger pores [17]. One another important
observation from Figure 3 is that, Xe adsorption selectivity from Xe/Ar are always larger than the
selectivity observed for Xe/Kr. As it is expected, adsorption selectivity of Xe enhances when it is mixed
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with an atom having smaller energy parameter, Ar, with respect to the atoms having larger energy
parameters, Kr.

For determining overall noble gas separation performances of ZIFs under consideration, the
transport rates of gas species should be also considered. We compute self diffusivities of gas species
using MD, and calculate Xe permeabilities and permeation selectivities in Xe/Ar and Xe/Kr mixtures
with 0.2/0.8 gas composition at 10 bar and 298 K. The results are summarized in Table 2. As a general
observation, Xe diffuses slower than Kr and Ar components due to its stronger adsorption on ZIF pores.
For instance, in ZIF-6, Xe and Ar (Kr) self-diffusivities in Xe/Ar (Xe/Kr) mixture are calculated as 5x10°
® (4.37x10°) cm?s and 2.57x10* (1x10™) cm?s, respectively. In the case of ZIF-79, on the other hand,
Xe and Ar (Kr) self-diffusivities in Xe/Ar (Xe/Kr) mixture is computed as 1.77x10° (2.38x10°) cm?/s
and 1.20x10° (8.16x10°) cm?s, respectively. We notice that, although ZIF-79 shows promising
character as an adsorbent by separating Xe from both Xe/Kr and Xe/Ar, Xe diffusion in ZIF-79 pores is
limited due to stronger interaction of Xe with ZIF-79 adsorption sites, as well as smaller pore distribution
of ZIF-79. Comparing Kr and Ar separations, Kr adsorbs stronger than Ar in ZIF pores which leads to
slower diffusion of Kr with respect to Ar in binary diffusion simulations.

We predict Xe permeabilities and permeation selectivities of ZIFs for dual mixtures of Xe, Kr,
and Ar, see Table 2. A promising nanoporous material for a permeation-based separation of a specific
gas from its mixture should possess high permeation selectivity as well as high permeability. High
permeability is an important criterion for industrial-scale gas separations, since it succeeds higher gas
purification with smaller membrane area, hence lowering capital cost. Xe permeation selectivities of
ZIFs become significantly smaller with respect to their Xe adsorption selectivities. The reason is
attributed to the enchanced confinement of Xe atom in ZIF pores which leads to its slower diffusion and
compensates its larger adsorption selectivity. For Xe/Ar mixture, ZIF-6 shows the largest Xe
permeability with respect to the other ZIFs due to its homogeneously distributed large pores.
Considering permeation selectivities, on the other hand, ZIF-6 shows the poorest performance since
larger pores also allow Ar diffusion leading to smaller Xe permeation selectivity. For Xe/Kr mixture,
on the other hand, while ZIF-60 has the highest Xe permeation selectivity, the highest Xe permeability
is observed in ZIF-6. Taking the results into consideration, ZIF-60 showing high Xe permeation
selectivity and also high Xe permeability can be considered as a promising candidate for membrane-
based separation of Xe from its binary mixtures.

Tablo 2. Mixture self-diffusivities of Xe (Dseif xe)), Xe permeation selectivities (Spermeation), X€ permeabilities in
ZIFs for both Xe/Ar and Xe/Kr mixtures are reported.

ZIF Dself (xe) N Dseif (xe) iN Spermeation Spermeation Pxe In Xe/Ar Pxe In Xe/Kr
materials XelAr XelKr (XelAr) (XelKr) (/10% Barrer) (/10 Barrer)
(cm?/s) (cm?/s)
ZIF-6 5.02x10°% 4.37x10° 3.28 2.56 1847.34 1369.82
ZIF-60 3.71x10° 4.06x10°° 3.52 2.82 1323.78 1275.27
ZIF-79 1.77x106 2.38x10°6 4.47 2.28 61.30 66.46

We observe single-file diffusion of Xe for both Xe/Kr and Xe/Ar samples in ZIF-65. The self-
diffusivities of gas particles can be considered as normal when gas molecules can pass one another in
the pores of nanoporous materials. The reverse situation, on the other hand, is considered as single file
diffusion when gas molecules of one specie cannot pass one another in the pore leading to only small
fluctuations in the mean-square displacement of the particle in three dimensions over simulation time
[31]. ZIF-65 has heterogeneous pores with the size of 3.4/10.4 A where steric hindrance and topology
effects become dominant for Xe preventing its diffusion from the pores. Single file diffusion of Xe is
also observed in zeolite AIPO4-31 by molecular dynamics study of Sholl et al. [32]. Since we do not
observe diffusion of Xe, Xe permeability and permeation selectivity values are not calculated for ZIF-
65.

4, Conclusions

We investigate adsorption and diffusion-based noble gas separation performances of ZIF membranes,
particularly ZIF-6, ZIF-60, ZIF-65, and ZIF-79 using GCMC and MD simulations. Results show that
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ZIF-79 has the highest Xe uptake selectivities for both Xe/Kr and Xe/Ar mixtures. ZIF-79 has
heterogeneous and small pore distribution which potentially creates stronger confinement for Xe atom,
thus, explaining higher uptake of Xe over the other ZIFs. ZIFs showing a good performance for
adsorption-based Xe separation, are shown to be poor for Xe permeation. While ZIF-79 can be a
promising candidate for adsorption-based purification of Xe, however Xe diffusion is limited in ZIF-79
which can be the side effects of stronger adsorbate-adsorbent interactions as well as steric hindrance
effects observed in ZIF-79. We suggest that ZIFs possessing heterogeneous and relatively small pore
distribution are ideal candidates for adsorption-based separation of Xe. Concerning gas permeabilities,
ZIF-6 shows the highest Xe permeabilities for both Xe/Kr and Xe/Ar mixtures, which is related with its
homogeneously distributed large pores. However, its larger pores also allow Kr and Ar diffusion, thus,
reducing Xe permeation selectivity of ZIF-6. ZIF-60, on the other hand, showing both high Xe
permeation selectivity and Xe permeability can be a potential candidate for diffusion-based separation
of Xe. Our results suggest that ZIFs that are promising candidates for adsorption-based separation of
noble gases might not satisfy also membrane-based separation at the same time. Nonetheless, ZIFs that
are investigated in this study are shown to be better adsorbents and membranes than zeolites [33] and
polymeric membranes [34].
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