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Abstract: Recently, there has been an active search for new modifiers to create hybrid polymeric
materials for various applications, in particular, membrane technology. One of the topical modifiers
is metal-organic frameworks (MOFs), which can significantly alter the characteristics of obtained
mixed matrix membranes (MMMs). In this work, new holmium-based MOFs (Ho-MOFs) were
synthesized for polyether block amide (PEBA) modification to develop novel MMMs with improved
properties. The study of Ho-MOFs, polymers and membranes was carried out by methods of X-
ray phase analysis, scanning electron and atomic force microscopies, Fourier transform infrared
spectroscopy, low-temperature nitrogen adsorption, dynamic and kinematic viscosity, static and
dynamic light scattering, gel permeation chromatography, thermogravimetric analysis and contact
angle measurements. Synthesized Ho-MOFs had different X-ray structures, particle forms and sizes
depending on the ligand used. To study the effect of Ho-MOF modifier on membrane transport
properties, PEBA/Ho-MOFs membrane retention capacity was evaluated in vacuum fourth-stage
filtration for dye removal (Congo Red, Fuchsin, Glycine thymol blue, Methylene blue, Eriochrome
Black T). Modified membranes demonstrated improved flux and rejection coefficients for dyes
containing amino groups: Congo Red, Fuchsin (PEBA/Ho-1,3,5-H3btc membrane possessed optimal
properties: 81% and 68% rejection coefficients for Congo Red and Fuchsin filtration, respectively, and
0.7 L/(m2s) flux).

Keywords: MOF; MOF-polymer composites; polyether block amide; mixed matrix membrane;
dye filtration

1. Introduction

The properties of metal-organic frameworks (MOFs) are related to the variety of possi-
ble structures. Their structure depends not only on the properties of the metal nodes and
organic linkers but also on the preparation route and synthesis conditions—temperature,
solvent, mixing, etc. In recent years, the interest of researchers in holmium-containing MOFs
as multifunctional systems has been actively growing [1]. The multifunctionality of such
compounds [2] is associated with good catalytic activity [3–8], their magnetic [9–12] and
luminescent properties [13], as well as the possibility of using them in various therapies [14].
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Many researchers are now actively looking for ways to obtain new holmium-based frame-
works [15], and various studies have been carried out based on known structures [16,17].
More recently, there has been a move away from the typical solvents used in MOF prepa-
ration, such as dimethylformamide (DMF) [18–23]. In this work, ethanol was chosen as
a “green” solvent for the synthesis of Ho-based MOFs (Ho-MOFs) with different ligands.
Previously, ethanol has already been shown to be a promising solvent for the synthesis of
other MOFs [22,24–28]. To the best of our knowledge, there is little information on the ap-
plication of this solvent for the synthesis of Ho-MOFs. It should also be mentioned that the
use of Ho nitrates in an ethanol media during the decomposition at elevated temperatures
led to reduced formation of nitrogen oxides by recovering them to gaseous nitrogen (stable
and harmless compound) [29–31]. Ethanol is able to deprotonate the carboxyl groups
of linkers (benzoic acids) used in this work, which is the main stage in the mechanism
of self-assembly of metal-organic frameworks. While using DMF, such a proton transfer
at elevated temperature resulted in the formation of various biologically active amines
(potential carcinogenic agents).

Membranes and thin solid films with metal ions [32–34] have been used in many fields,
such as seawater desalination, wastewater treatment and gas separation [35–37]. Most
modern research into the use of membrane technologies for the separation of components
is based on the use of mixed matrix membranes (MMMs) containing various additives,
such as metal oxides, fullerene and its derivatives, MOFs, etc. [38–44]. MOFs are one
of the promising modifiers of membranes due to their surface area and functionality,
controlled size and form of pores and particles [45]. MMMs based on polymer/MOFs
are actively used for different membrane processes—pervaporation, ultrafiltration, gas
separation and nanofiltration [41,42,46–48]. In recent years, nanofiltration MMMs based on
polymer/MOFs were investigated for metal ion [42,46,49] and dye [49–52] removal from
water. In the study [49], polyethersulfone (PES) membranes modified with various UiO-66-
NH2 content were tested in the nanofiltration of three dyes (Methylene Blue, Rhodamine
B and Reactive Blue 21). The membrane with 0.01 wt% UiO-66-NH2 exhibited the best
performance for the removal of dyes: rejection coefficient of 95.8% Methylene Blue, 94.2%
Rhodamine B and 83.6% Reactive Blue 21. Modified metal-organic framework nanoparticles
(MOF@Fe3O4) were used for the modification of porous PES membranes for Acid Orange 7
removal from water [50]. It was found that 0.5 wt% MOF@Fe3O4 in the PES matrix was the
optimal concentration and led to membrane-improved water flux (28.5 kg/(m2h)) due to
increased surface hydrophilicity, MOF pore size and void spaces. With regards to increasing
the efficiency of dye removal (88.3% Acid Orange 7) under optimal conditions (pH = 3), the
authors explained that this is due to the repulsive force between the positively charged dye
(due to the presence of azo- and hydroxyl functional groups) and the positively charged
modified membrane [50]. Membranes based on polyethyleneimine (PEI) modified with
new MOF BUT-203 were developed and investigated in nanofiltration for the removal of
anionic dyes (Methyl blue, Congo Red, Acid Fuchsin, Eriochrome Black T and Acid Orange
II) [51]. The addition of BUT-203 nanosheets into the PEI membrane led to improved
separation performance and stability. Membranes modified by 73% BUT-203 had optimal
properties: water permeance up to 870 L/(m2 h MPa) and rejection coefficients of 97.9%
for Methyl blue, 99.9% for Congo Red, 97.9% for Acid Fuchsin, 99.7% for Eriochrome
Black and 93.7% for Acid Orange II. In the study [52], the highly hydrolytic stable MOF
BUT-8(A) was used as a modifier for the creation of nanofiltration MMMs based on PEI
for dye removal from water. The high separation performance of modified membranes
suggests a promising application for water purification. It was found that the modified
membrane with a BUT-8(A) loading (50 wt%) had optimal transport characteristics: high
water permeances (396–683 L/(m2 h MPa)) and rejection coefficients of 98.3% for Methyl
blue, 99.8% for Congo Red, 89.3% for Acid Fuchsin, 82.1% for Methyl Orange. High water
flux and separation mechanisms were attributed to the facilitated molecule transportation
through the channels of BUT-8(A). To the best of our knowledge, there is no information on



Polymers 2023, 15, 3834 3 of 25

the study of membranes based on PEBA modified with Ho-MOFs for the removal of dyes
from water.

Polyester block amides (PEBA) or Pebax® elastomers (trade name) are block copoly-
mers made up of rigid polyamide blocks, soft polyether blocks and plasticizer-free ther-
moplastic elastomers (TPEs) [53]. These polymers have a number of properties, such as
flexibility, chemical resistance and strength, that make them promising for use in membrane
technologies [54–56]. Recently, a number of studies have been carried out on the use of
mixed matrix membranes based on PEBA not only for the separation of gases [57–66] but
also for the extraction of various biofuel components [67,68], alcohols [69,70], desulphur-
ization [71], alcohol dehydration [72], esterification [73] and pervaporation [74,75]. The
high degree of combinatoriality in the preparation of block copolymers makes it possible
to obtain a large number of commercially available polymers with different compositions
and properties [76]. To improve the transport properties, PEBA-based membranes are
modified with various particles such as ZnO [77,78], chitosan-wrapped multiwalled car-
bon nanotubes (CWNTs) [79], graphene [80], Aminosilane-Functionalized Zeolite Y [66],
modified multi-walled carbon nanotubes (MWCNTs) [81], polyethylene glycol (PEG-400)
and TiO2 [82], covalent organic frameworks (COFs) [83], MOFs [84–87], etc. Particular
attention should be paid to MOFs due to their unique characteristics; however, PEBA/MOF
membranes are developed mainly for diffusion membrane processes (pervaporation [84,85]
and gas separation [86,87]).

The novelty of this work consists of (i) the use of new ligands (1,2,4-H3btc, 1,2-H2bdc
and 1,3-H2bdc) and an atypical solvent—ethanol (to avoid the formation of toxic impurities)
for synthesis Ho- MOFs, (ii) the application of synthesized Ho-MOFs for the preparation
of MMMs based on PEBA. The obtained MOFs and MMMs based on PEBA/Ho-MOFs
composites were investigated by various analysis methods. The study of the dependence
of the molecular weight and viscosity for the commercial PEBA Pebax-2533 solutions
was also carried out to determine polymer properties for obtaining MMMs with tailored
characteristics. The possibility of using membrane PEBA/Ho-MOFs materials to remove
various dyes (Congo Red, Fuchsin, Glycine thymol blue, Methylene blue, Eriochrome Black
T) from aqueous solutions in the process of vacuum filtration was first studied.

2. Materials and Methods
2.1. Materials

The following reagents were used in this work to obtain polymer composite mem-
brane materials: 1,3,5-H3btc—trimesic acid; 1,2,4-H3btc—trimelic acid; 1,2-H2bdc—phthalic
acid; 1,3-H2bdc—isophthalic acid; 1,4-H2bdc—terephthalic acid (structures in Figure S1 of
Supplementary Materials); ethanol; tetrahydrofuran; 1-butanol; Ho(NO3)3·5H2O. Congo
Red, Fuchsin, Glycine thymol blue, Methylene blue and Eriochrome Black T (Vecton, St.
Petersburg, Russia) were used as dyes. All of the linkers and dyes (structural formula,
molecular weight, maximum absorption wavelength in Table S1 of Supplementary Materi-
als) were of analytical grade and used without further purification. Pebax-2533 (containing
approximately 80 wt.% polyether segments and 20 wt.% polyamide segments) was pur-
chased from Hebei Luozheng Technology Co., Ltd. (Shijiazhuang, China). Distillation at
atmospheric pressure was used to purify the ethanol and 1-butanol. To purify tetrahydrofu-
ran, peroxides were removed by treatment with aqueous ferrous sulfate followed by solid
KOH. The solvent was then dried and fractionally distilled from sodium [88].

2.2. Ho-MOFs Preparation

For the solvothermal synthesis of Ho-MOFs, a solution of holmium nitrate and the
corresponding benzenecarboxylic acid in ethanol was placed in a steel autoclave with a
Teflon liner (25 mL). For 0.5000 g (1.134 mmol) Ho(NO3)3·5H2O—1.134 mmol (0.2382 g) of
1,3,5-H3btc and 1,2,4-H3btc; 1.700 mmol (0.2825 g) of 1.2-H2bdc, 1,3-H2bdc and 1,4-H2bdc
were introduced into reaction mixture. pH values were <7. Each autoclave was placed
in an oven where it was kept for 130 h at a temperature of 150 ◦C. After cooling to room



Polymers 2023, 15, 3834 4 of 25

temperature, the resulting light-yellow precipitates were centrifuged at 5000 rpm, and the
precipitates were separated and washed with fresh ethanol. The washing procedure was
repeated three times. The samples obtained were then washed twice with methanol and
dichloromethane in an ultrasonic bath, separated from the washing solvents, dried and
activated in a vacuum oven (residual pressure 20 mm Hg) at a temperature of 150 ◦C for
65 h.

2.3. Ho-MOFs Investigation

The phase composition and X-ray crystal structure of the resulting Ho-based MOFs
were determined using a MiniFlexII powder diffractometer (Rigaku, Japan) with CuKα-
radiation.

Physisorption measurements with nitrogen were performed at 77 K with an ASAP
2020 MP analyzer (Micromeritics, Norcross, GA, USA). The specific surface area for the
obtained MOFs was calculated through the BET method [89]. Determination of the pore size
distribution was achieved by the BJH method with Harkins–Jura and Faas correction [90,91].

The structural changes of the Ho-MOFs were investigated by Fourier-transform in-
frared spectroscopy (FTIR) using an IRAffinity-1S spectrometer (Shimadzu, St. Petersburg,
Russia) and an attenuated total reflectance accessory (PIKE Technologies, St. Petersburg,
Russia) in the range of 400–4000 cm−1 at 25 ◦C in KBr matrix.

The morphology of the developed Ho-MOFs was studied by scanning electron mi-
croscopy (SEM) using a Zeiss Merlin SEM (Carl Zeiss SMT, Oberkochen, Germany) at
an accelerating voltage of 1 kV and electron beam current of 100 pA to prevent surface
charging.

2.4. PEBA Investigation

The molar mass and dispersion of the PEBA polymer were determined using gel
permeation chromatography on an LC-20AD liquid chromatograph with a SIL-20AC au-
tosampler, a DGU-20A3 degasser and an RID-20A refractive index detector (Shimadzu).
Separation was performed using a PSS SDV precolumn (50 × 8 mm, 5 µm) and PSS SDV
columns (300 × 8 mm, 5 µm, PSS) with a pore size of 1000 and 1,000,000 Å. The tetrahy-
drofuran was eluent. The incubator temperature was 40 ◦C (CTO-20AC (Shimadzu)), the
injection volume was 100 µL, and the eluent flow rate was 1 mL/min. The calibration de-
pendence was built using narrowly dispersed polymer standards—samples of polystyrenes
with a molecular weight of 19,700–2,520,000 Da. Software PSS Win GPC UniChrom (v 8.33
Build 9050) was applied.

The dynamic and kinematic viscosity of the 1-butanol-PEBA fluids was determined
using the LOVIS 2000 M microviscometer. The determination of the mass distribution
of a polymer in 1-butanol was carried out at the Photocor Complex facility (Photocor,
Moscow, Russia). A 2 wt% solution of PEBA in 1-butanol was used as the initial sample.
The thermostat temperature was (298.15 ± 0.05) K. The measurements were carried out
with a light source wavelength of λo = 445 nm (a semiconductor laser with a radiant power
of 25 mW). The intensity of the light scattered in the solutions was measured in the range
of scattering angles θ from 40◦ to 140◦ after 10◦. The intensity of the scattered light is
proportional to r3, and the smaller the scattering angle, the greater the contribution of large
particles to the scattering, leading to a distortion of the scattering indicatrix. Therefore,
when analyzing static light scattering data, only those angles are used for which there is no
significant deviation from the linear dependence Hc/R(θ).

The Zimm double extrapolation method [92] was used to calculate the Mw. The excess
light scattering intensity I(q,c) with respect to the solvent in dilute polymer solutions is
expressed by Equation (1):

Hc
R(q, c)

=
1

MwP(θ)
+ 2A2c, (1)
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where c is the polymer concentration, q = (4πno/λo)sin(θ/2) is the scattering wave vector, A2
is the second virial coefficient, H = 4π2n0

2(dn/dc)2/NAλ0
4 is the scattering constant, n0 is

the refractive index of the solvent, dn/dc is the refractive index increment of the polymer
solution and NA is the Avogadro number. According to the Zimm approximation, the
function P(θ) =

(
1− 1

3 q2R2
g

)
is the particle form factor, which allows the radius of gyration

Rg to be determined.
From the total intensity of the light scattered by the solution, it is necessary to subtract

the intensity of the light scattered by the solvent. This gives the final expression for the
angular dependence of the Rayleigh coefficient (2):

R(θ) =
(I(θ)− I0(θ))

It(θ)
Rt

n0

nt
, (2)

where I(θ) is the intensity of light scattered by the polymer solution, I0(θ) is the intensity of
light scattered by the solvent (water), It(θ) is the intensity of light scattered by the standard
solvent (toluene), n0 is the refractive index of the solvent and nt is the refractive index of
the standard solvent (toluene). Rt = 60.35 × 10−6 cm−1 (λ = 445 nm, T = 298.15 K) [93].
Autocorrelation functions in solutions were measured in the range of scattering angles
θ from 30◦ to 140◦. The scattered light is received by a photodetector. The signal from
the photodetector output is processed by a digital correlator. From the autocorrelation
function obtained, the DynaLS program calculates the characteristic relaxation time of the
fluctuations τ, the mean size or size distribution of the dispersed particles.

2.5. Dense Membrane Preparation

For the preparation of dense mixed matrix membranes based on PEBA, all components
were placed in a glass test tube. 1-butanol was added to the MOF and polymer. Dissolution
of the polymer in solvent and dispersion of the MOF particles were carried out using an
ultrasonic bath at a temperature of 60 ◦C with alternating stirring on a vortex. The resulting
viscous dispersion was poured into a Petri dish and dried in an oven at 60 ◦C for 24 h. The
resulting composite membrane was separated from the dish while soaking in water.

2.6. Membrane Investigation

A BRUKER-TENSOR 27 Spectrometer (Bruker, Ettlingen, Germany) with an attenu-
ated total reflectance (ATR) accessory was used to determine the structure of PEBA and
PEBA/Ho-MOFs membranes in the range 600–4000 cm−1 at ambient temperature.

The thermochemical properties of the PEBA and PEBA/Ho-MOFs membranes were
studied by thermogravimetric analysis (TGA) using Thermobalance TG 209 F1 Libra
(Netzsch, Leuna, Germany) with the heating temperature range in the range 37–570 ◦C and
the heating rate of 10 ◦C/min in an argon atmosphere.

The cross-section of the PEBA and PEBA/Ho-MOFs membranes was investigated
by scanning electron microscopy (SEM) using Zeiss Crossbeam 1540XB (Carl Zeiss SMT,
Oberkochen, Germany) at 5 kV. A cross-section of the membranes was obtained by breaking
the membrane in liquid nitrogen perpendicular to the surface.

The surface topography of the PEBA and PEBA/Ho-MOFs membranes was studied
by atomic force microscopy (AFM) using an NT-MDT NTegra Maximus atomic force micro-
scope (NT-MDT Spectrum Instruments, Moscow, Russia) with standard silicon cantilevers
and rigidity of 15 N·m−1 in tapping mode.

Changes in the surface hydrophilic/hydrophobic balance of PEBA and PEBA/Ho-
MOFs membranes were studied by measuring the contact angles. The sessile drop method
was used, which consisted of applying a drop of water to the surface of the membrane.
Measurements were taken on the Goniometer LK-1 instrument (NPK Open Science Ltd.,
Krasnogorsk, Russia), and the “DropShape” software was used to analyze the results.

To study the retention capacity of the membranes, the dye solution was filtered through
the PEBA and PEBA/Ho-MOF membrane using a vacuum filtration system with a water



Polymers 2023, 15, 3834 6 of 25

jet pump. Congo Red, Fuchsin, Glycine thymol blue, Methylene blue and Eriochrome
Black T were used as dyes. An initial solution of dye was prepared in distilled water at
a concentration of 0.1% by weight. The resulting filtrate was analyzed for dye content by
optical spectrophotometry in the SF-102 spectrophotometer (JSC “Aquilon”, St. Petersburg,
Russia), and wavelengths of absorbed light are presented in Table S1. The resulting filtrate
was also subjected to filtration through the same membrane. Filtration was continued until
the filtered dye solution was halved. After filtering the Congo Red dye solution four times
under reduced pressure and determining the residual concentrations, the dye rejection
coefficient was determined using Equation (3):

R =

(
1−

C f

C0

)
∗ 100%, (3)

where R is the rejection coefficient, and Cf and Co are the concentrations of Congo Red dye
in the filtrate and initial solution, respectively.

To calculate the flux (J) of the membranes, Equation (4) was used [94]:

J =
V

A·t (4)

where V (L) is the permeate volume, A (3.14× 10−4 m2) is the effective area of the membrane
and t is the time of the measurement (s).

3. Results and Discussions
3.1. Ho-MOFs Investigation

The resulting Ho-MOFs were studied by X-ray phase analysis, scanning electron
microscopy, FTIR spectroscopy and low-temperature nitrogen adsorption after synthesis,
washing and thermal activation in a vacuum oven. The X-ray diffraction patterns are
shown in Figure 1.

In Figure 1, Ho-1,2,4-H3btc (Figure 1b) and Ho-1,2-H2bdc MOFs (Figure 1c) are typical
of the X-ray amorphous state. Due to the low signal intensity, the X-ray structures of
these synthesized MOFs could not be determined from the diffraction patterns. For all
other materials Ho-1,3,5-H3btc, Ho-1,3-H2bdc, Ho-1,4-H2bdc (Figure 1a,d,e), reflections of
different X-ray crystal structures were observed in the diffraction patterns. These Ho-MOFs
X-ray structures were additionally analyzed by matching diffractograms in the Cambridge
crystallographic database and presented in Figure S2 of Supplementary Materials. It
demonstrates the comparison of the X-ray powder diffraction pattern of the synthesized
Ho-1,4-H2bdc with the diffraction pattern simulated from the cif -file for Y-1,4-H2bdc
MOF [95]. The shift along the abscissa is related to the difference in the parameters of the
crystal cells. This, in turn, is due to the difference in the crystal radii of the metal atoms.
The powder diffraction patterns of Ho-1,3-H2bdc are similar to those of Al-1,3-H2bdc
MOF [96]. The X-ray structure already known for holmium trimesate [97] was obtained by
synthesis from holmium nitrate and trimesic acid in DMF/ethanol/water mixture. The
X-ray structures of resulting MOFs are shown in Figure S3 of Supplementary Materials.

Scanning electron microscopy was carried out with additional energy-dispersive
elemental analysis. SEM images of the Ho-MOFs obtained with spectra numbers and
locations for elemental analysis (presented in Figures S4–S8 of Supplementary Materials)
are shown in Figure 2.
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Figure 1. X-ray powder diffraction patterns for Ho-MOFs: (a) Ho-1,3,5-H3btc; (b) Ho-1,2,4-H3btc; (c) 
Ho-1,2-H2bdc; (d) Ho-1,3-H2bdc; (e) Ho-1,4-H2bdc. 
Figure 1. X-ray powder diffraction patterns for Ho-MOFs: (a) Ho-1,3,5-H3btc; (b) Ho-1,2,4-H3btc;
(c) Ho-1,2-H2bdc; (d) Ho-1,3-H2bdc; (e) Ho-1,4-H2bdc.
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Figure 2. SEM micrographs for Ho-MOFs: (a) Ho-1,3,5-H3btc; (b) Ho-1,2,4-H3btc; (c) Ho-1,2-H2bdc; 
(d) Ho-1,3-H2bdc; (e) Ho-1,4-H2bdc. 
Figure 2. SEM micrographs for Ho-MOFs: (a) Ho-1,3,5-H3btc; (b) Ho-1,2,4-H3btc; (c) Ho-1,2-H2bdc;
(d) Ho-1,3-H2bdc; (e) Ho-1,4-H2bdc.

The habit of the crystals for the obtained Ho-1,3,5-H3btc corresponds to the crystal
structure with long needle-shaped crystals (Figure 2a). In the other micrographs, the
morphology of the crystals of the Ho-MOFs obtained is poorly defined: it is possible
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to distinguish between various intergrowths of particles and unformed non-crystalline
structures.

Low-temperature nitrogen adsorption–desorption isotherms show different behavior
of the obtained Ho-MOFs (Figure S9 of Supplementary Materials). Table 1 shows the values
of the specific surface area for Ho-MOFs calculated based on obtained data.

Table 1. Specific surface area of the substances obtained.

Ho-MOF Specific Surface Area, m2/g

Ho-1,3,5-H3btc 10
Ho-1,2,4-H3btc 1
Ho-1,2-H2bdc 241
Ho-1,3-H2bdc 10
Ho-1,4-H2bdc 1

The shape of the nitrogen adsorption isotherms (Figure S9 of Supplementary Materials)
indicates the production of microporous materials. To confirm the porous structure of MOFs,
their specific surface areas were calculated through the BET method. It was demonstrated
that for Ho-1,2-H2bdc, the high specific surface area value (241 m2/g) was noted. For the
rest of the Ho-MOFs, low specific surface area values were observed. The difference in data
dependencies for the Ho-MOFs indicated the production of a very highly porous substance.
However, it should be noted that the specific surface area cannot be calculated by the BET
method quantitatively; only a qualitative comparison of the studied samples can be carried
out. This is due to the fact that developed Ho-MOFs are “breathable” because they absorb
gases from the atmosphere well. During sample preparation for measuring the specific
surface area, a large number of pores are occupied and not available for the absorbate
gas (nitrogen). Thus, the resulting values of the specific surface area were approximately
estimated. For gas separation, a large specific surface plays a major role, but for processes
of liquid mixture separation, it is not so significant, especially taking into account the fact
that MOFs are introduced inside the PEBA polymer film in this study. The habit and size of
crystals, as well as the porosity of MOFs, will largely determine the transport properties
of MMMs [42,46,98]. It should be noted that in order to obtain highly porous materials,
many factors must be taken into account, in particular, the used solvent during synthesis.
Normally, DMF is used to obtain MOFs, but the synthesis in this work was carried out
in ethanol. This led to the formation of coordination frameworks in which the solvent
molecules were much more strongly bound to the holmium node. However, the ethanol
molecules coordinated to the holmium atom in the structure are mobile due to rotational
degrees of freedom. Therefore, the resulting MOF can be attributed to so-called “breathing”,
which makes it possible to have a material with a highly developed pore space [99–102].

In the IR spectra (Figure 3), a broad peak at 3434 cm−1 is a characteristic peak of the
-OH group. The absorption at 1555 cm−1 is associated with stretching of C=O groups, and
at 1420 cm−1—with asymmetric stretching of O–C–O, belonging to the carboxyl group of
the ligands; symmetric and asymmetric stretching of C–H manifests itself in the range of
2855–3063 cm−1; stretching of the same group appears at 1420 cm−1. However, the peaks
at 1089, 873 and 749 cm−1 are due to -CH3 stretching. Furthermore, two sharp peaks at 716
and 652 cm−1 are due to vibrations of holmium nodes surrounded by oxygen atoms of the
carboxylic groups of the linker and the hydroxyl group of ethanol. For many MOFs, similar
values of the vibrational energy of a metal node have been determined [17,103–105].
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3.2. PEBA Investigation

The facility of Photocor Complex (Photocor, Moscow, Russia) allows for the deter-
mination of the particle size in the range of 0.5 nm to 6 µm by the method of dynamic
light scattering and the molecular weight of polymers in the range of 103–1012 g/mol by
the analysis of static light scattering. The study of static and dynamic light scattering
was carried out under the determined conditions (presented in more detail in Section 2.4):
wavelength of the radiation source of 445 nm, temperature of 25 ◦C, scattering angles from
40 to 140◦ in increments of 10◦, and polymer concentration of 0.0994, 0.0796, 0.0598 and
0.0397 wt%. A particle size distribution plot calculated from experimental dynamic light
scattering data are shown in Figure 4. The bead size distribution of PEBA can be defined as
nearly monomodal. Therefore, the exact average molecular weight cannot be determined.
Experimental data on the study of dynamic and static light scattering of PEBA solution
in 1-butanol are presented in Figures S10 and S11 and Tables S2–S8 of Supplementary
Materials.

The Hoeppler principle was used to determine intrinsic viscosity and its dependence
on temperature and concentration. This is the principle of a rolling ball in a closed capillary
filled with a liquid sample. A viscometer measures the time taken for a solid ball to travel
a certain distance through a tube placed at various angles to the horizontal. The values
of reduced viscosity according to Huggins and Kramer (Figure 5) were calculated from
the times of movement of the golden ball in solutions (Tables S9–S14 of Supplementary
Materials) of different concentrations of the polymer at different temperatures.
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Figure 5. Reduced Huggins (black dots) and Kramer (red dots) viscosity versus concentration curve
at 25 ◦C.

For a polymer sample, the average molecular weight can be estimated from the
viscosity and diffusion values for similar polymers with flexible chains. In the case of
values A0 = 3.6 × 10−10, the molar mass of the polymer is MDη = 12,500 Da. Figure 5 shows
the dependence of viscosity on polymer concentration for standard temperature (25 ◦C);
the values of viscosity and Huggins’ and Kramer’s constants at different temperatures are
presented in Tables 2 and 3, respectively. The Huggins and Kramer viscosity dependencies
converge to close values of the intrinsic viscosity. A decrease in the viscosity of solutions
with increasing temperature, determined from the obtained dependencies, made it possible
to prepare composite film materials with minimal defects.
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Table 2. Intrinsic viscosities.

T, ◦C
[η], dL/g

Huggins Kramer Average

10 0.615 0.617 0.616
20 0.611 0.613 0.612
25 0.610 0.612 0.611
30 0.610 0.610 0.610
40 0.606 0.607 0.607
50 0.604 0.603 0.604

Table 3. Huggins’ and Kramer’s constants.

T, ◦C Huggins Kramer

10 0.411 −0.119
20 0.392 −0.129
25 0.384 −0.134
30 0.365 −0.143
40 0.362 −0.145
50 0.346 −0.153

The molar mass and dispersion of the PEBA polymer were determined using gel
permeation chromatography (GPH). Figure 6 shows the molecular weight distribution of
the PEBA polymer.
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It was found that the dispersion of the polymer was 1.8, the number average molecular
weight (Mn) was 22 kDa, and the average molecular weight (Mw) was 39 kDa. This
composition of the elastomer Pebax-2533 has previously shown the promise of creating
films for membrane processes [106–108], but the calculated average molecular weight
values with the viscosity values are also necessary to determine the Mark–Kun–Hauwink–
Sakurada coefficients for further PEBA polymer studies with other molecular weight.

3.3. PEBA and PEBA/Ho-MOFs Membranes Investigation

The amount of MOFs introduced into the PEBA matrix was varied. Based on the
literature, it was demonstrated that 2 wt% of MOFs in the PEBA matrix is sufficient for
significant changes in membrane properties [87,107,109,110]. To investigate the effect of
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the synthesized Ho-MOFs on the MMMs properties, 2 wt% of Ho-MOFs were introduced
into the PEBA matrix. FTIR, SEM, AFM, TGA and water contact angle measurements were
used to characterize the obtained membranes. The ability of the membranes to retain dyes
(Congo Red, Fuchsin, Glycine thymol blue, Methylene blue, Eriochrome Black T) was also
investigated.

The structural characteristics of PEBA and PEBA/Ho-MOFs membranes were studied
by FTIR spectroscopy (Figure 7).
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Figure 7. FTIR spectra of PEBA and PEBA/Ho-MOFs membranes.

For pure PEBA membranes, the peaks at 3296 cm−1, 1735 cm−1, 1639 cm−1 and
1370 cm−1 are attributed to the stretching vibration of N–H, C=O, H–N–C=O, and C–N
groups in polyamide segment, respectively [109,111]. The peak at 1104 cm−1 is assigned to
the stretching vibration of the C–O–C group in the polyether segment [83,109,111,112]. For
modified membranes, there were no new bands or band shifts in the FTIR spectra. Thus,
the Ho-MOFs were physically blended with the PEBA matrix without chemical bonding.
Such an interaction was also previously noted in works devoted to the development of
PEBA/MOF membranes [111,112].

The inner structures of the PEBA and PEBA/Ho-MOFs membranes were studied
by scanning electron microscopy (SEM). The cross-sectional SEM micrographs for the
membranes are presented in Figure 8.

The presented SEM micrographs demonstrate the rough and ribbed structure of the
cross-section for the unmodified PEBA membrane. Ho-MOF particles are not visible
on the cross-section of modified membranes. The introduction of Ho-MOFs does not
lead to defects in the polymer membranes. Also, Figure S12 of Supplementary Materials
shows optical micrographs of the membrane surface obtained using a light microscope.
Membranes containing 2 wt% Ho-MOF (Ho-1,3,5-H3btc and Ho-1,2-H2bdc) have the most
uniform and visible distribution of Ho-MOF particles on the surface compared to others.

The surface roughness of the PEBA and PEBA/Ho-MOFs membranes was studied by
atomic force microscopy (AFM). AFM images with a scan size of 10 × 10 µm are presented
in Figure 9.
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Figure 8. The cross-sectional SEM micrographs of membranes: (a) PEBA; (b) PEBA/Ho-1,3,5-H3btc;
(c) PEBA/Ho-1,2,4-H3btc; (d) PEBA/Ho-1,2-H2bdc; (e) PEBA/Ho-1,3-H2bdc; (f) PEBA/Ho-1,4-
H2bdc.

The average (Ra) and root-mean-squared (Rq) roughness of the PEBA and PEBA/Ho-
MOFs membranes were calculated based on the AFM images (Figure 9) and presented in
Table 4. To study the hydrophilic–hydrophobic balance of the surface of the developed
membranes, contact angles of water were measured (Table 4).

For the modified PEBA/Ho-MOFs membranes, a decrease in roughness was noted
compared to the pristine PEBA membrane. For the unmodified PEBA membrane, a contact
angle of water was noted at 78◦, which is close to the literature data [106,111]. Upon the
introduction of Ho-MOFs, an increase in contact angles of water values was observed. It
may be associated with hydrophobic ligands of modifiers. The same trend was previously
demonstrated in works [106,107,111].

The thermal stability of the developed PEBA and PEBA/Ho-MOFs membranes was
studied by TGA. The resulting thermograms are presented in Figure 10.
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Table 4. The surface roughness characteristics and contact angle of water for PEBA and PEBA/Ho-
MOFs membranes.

Membrane Ra, nm Rq, nm Contact Angle of
Water, ◦

PEBA 9.4 ± 0.5 11.9 ± 0.6 78 ± 1
PEBA/Ho-1,3,5-H3btc 1.3 ± 0.1 1.7 ± 0.1 85 ± 1
PEBA/Ho-1,2,4-H3btc 2.4 ± 0.1 3.0 ± 0.1 86 ± 1
PEBA/Ho-1,2-H2bdc 2.0 ± 0.1 2.6 ± 0.1 86 ± 1
PEBA/Ho-1,3-H2bdc 3.9 ± 0.2 5.0 ± 0.2 87 ± 1
PEBA/Ho-1,4-H2bdc 4.8 ± 0.2 6.1 ± 0.2 86 ± 1

Polymers 2023, 15, x FOR PEER REVIEW 16 of 26 
 

 

The average (Ra) and root-mean-squared (Rq) roughness of the PEBA and PEBA/Ho-
MOFs membranes were calculated based on the AFM images (Figure 9) and presented in 
Table 4. To study the hydrophilic–hydrophobic balance of the surface of the developed 
membranes, contact angles of water were measured (Table 4). 

Table 4. The surface roughness characteristics and contact angle of water for PEBA and PEBA/Ho-
MOFs membranes. 

Membrane Ra, nm Rq, nm Contact Angle of  
Water, ° 

PEBA 9.4 ± 0.5 11.9 ± 0.6 78 ± 1 
PEBA/Ho-1,3,5-H3btc 1.3 ± 0.1 1.7 ± 0.1 85 ± 1 
PEBA/Ho-1,2,4-H3btc 2.4 ± 0.1 3.0 ± 0.1 86 ± 1 
PEBA/Ho-1,2-H2bdc 2.0 ± 0.1 2.6 ± 0.1 86 ± 1 
PEBA/Ho-1,3-H2bdc 3.9 ± 0.2 5.0 ± 0.2 87 ± 1 
PEBA/Ho-1,4-H2bdc 4.8 ± 0.2 6.1 ± 0.2 86 ± 1 

For the modified PEBA/Ho-MOFs membranes, a decrease in roughness was noted 
compared to the pristine PEBA membrane. For the unmodified PEBA membrane, a con-
tact angle of water was noted at 78°, which is close to the literature data [106,111]. Upon 
the introduction of Ho-MOFs, an increase in contact angles of water values was observed. 
It may be associated with hydrophobic ligands of modifiers. The same trend was previ-
ously demonstrated in works [106,107,111]. 

The thermal stability of the developed PEBA and PEBA/Ho-MOFs membranes was 
studied by TGA. The resulting thermograms are presented in Figure 10. 

 
Figure 10. Thermogravimetric curves for PEBA and PEBA/Ho-MOFs membranes. 

Each TGA curve shows a clear weight loss step. The decomposition temperature of 
the PEBA-based membrane was 360 °C, which is close to the published data [107,111]. The 
weight loss rate of the PEBA/Ho-MOFs mixed matrix membranes is almost the same as 
that of a pristine PEBA membrane because the addition of Ho-MOFs content is small. The 
obtained high thermal stability of all membranes allows us to use them in membrane 
processes at elevated temperatures. 

Figure 10. Thermogravimetric curves for PEBA and PEBA/Ho-MOFs membranes.

Each TGA curve shows a clear weight loss step. The decomposition temperature of
the PEBA-based membrane was 360 ◦C, which is close to the published data [107,111].
The weight loss rate of the PEBA/Ho-MOFs mixed matrix membranes is almost the same
as that of a pristine PEBA membrane because the addition of Ho-MOFs content is small.
The obtained high thermal stability of all membranes allows us to use them in membrane
processes at elevated temperatures.

To investigate the filtration properties, PEBA and PEBA/Ho-MOFs membranes were
used as “filters” in vacuum filtration for the removal of dyes (Congo Red, Fuchsin, Glycine
thymol blue, Methylene blue, Eriochrome Black T) from aqueous solution. The rejec-
tion coefficients and fluxes for membranes in a 4-stage vacuum filtration are shown in
Figures 11 and 12, respectively.
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Figure 11. Rejection coefficients of dyes (Congo Red, Fuchsin, Glycine thymol blue, Methylene blue,
Eriochrome Black T) in a 4-stage vacuum filtration for the membranes: (a) PEBA; (b) PEBA/Ho-1,3,5-
H3btc; (c) PEBA/Ho-1,2,4-H3btc; (d) PEBA/Ho-1,2-H2bdc; (e) PEBA/Ho-1,3-H2bdc; (f) PEBA/Ho-
1,4-H2bdc.
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It was demonstrated that the pristine PEBA membrane did not reject dyes at all (0%
rejection coefficient), i.e., the dye solutions passed through the membrane without any
change in the concentration (Figure 11a). The rejection coefficient values of the Congo red
for modified PEBA/Ho-MOF membranes were above 21% and raised with the increase of
filtration stages. The rejection coefficients of Fuchsin for modified membranes were lower
compared to the ones of the Congo Red but had the same increasing dependence during
filtration. However, other dyes (Glycine thymol blue, Methylene blue, Eriochrome Black T)
were not rejected by PEBA/Ho-MOF membranes. Membrane rejection may depend not
only on the size of dye molecules (molecular weights of dyes are presented in Table S1
of Supplementary Materials) but also on the presence of specific functional groups in its
structure. The rejection of Congo Red and Fuchsin by modified membranes is conditioned
by non-ionized amino groups in their structures, which do not contain other dyes (Glycine
thymol blue, Methylene blue, Eriochrome Black T). In addition, it should be noted that
Congo Red and Fuchsin belong to different types of dyes: Congo Red is in the anionic form
in an aqueous solution, and Fuchsin is in the cationic form. Thus, the retention ability of
PEBA/Ho-MOF membranes for dyes with amino groups may be explained by the presence
of vacancies in Ho-MOF structures, resulting in an increased number of uncoordinated
carboxyl groups of linkers. The presence of such vacancies may be due to synthesis in
ethanol medium coordinated to the holmium node [113–116]. The other studied dyes
(Glycine thymol blue, Methylene blue, Eriochrome Black T) also have different natures
(cationic, anionic or neutral) but do not contain amino groups that let dyes penetrate
without their retention.

During all filtration cycles of dilute dye solutions (Congo Red, Fuchsin, Glycine thymol
blue, Methylene blue, Eriochrome Black T), each membrane demonstrated the fluxes for
every stage close in values. Thus, the averaged flux values are presented in Figure 12.

The introduction of Ho-MOFs into PEBA led to the flux increase compared with the
pristine PEBA membrane (Figure 12). It could be due to the porous structure of the Ho-
MOFs. The highest rejection coefficients of Congo Red and Fuchsin and flux were observed
for the MMM containing the Ho-1,3,5-H3btc, which could be attributed to the uniform
distribution of the Ho-1,3,5-H3btc particles in the PEBA matrix because of its structural
peculiarity.
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Thus, it was shown that the introduction of Ho-MOFs into the PEBA matrix could
be a perspective for the development of MMMs for the effective removal of dyes. As a
continuation of this work, membranes based on PEBA modified with Ho-MOFs will be
investigated in membrane processes such as pervaporation and nanofiltration.

4. Conclusions

In this study, new metal-organic frameworks (MOFs) based on benzenecarboxylic
acids as linkers for the holmium node were synthesized. The solvothermal synthesis in
an atypical solvent (ethanol) of a series of Ho-MOFs with linkers—different benzoic acids
allowed to obtain Ho-MOFs with atypical structures investigated by XRD, SEM, BET and IR
spectroscopy methods. Two Ho-MOFs (Ho-1,2,4-H3btc and Ho-1,2-H2bdc) had amorphous
X-ray structures, and Ho-1,3,5-H3btc, Ho-1,3-H2bdc and Ho-1,4-H2bdc with crystalline
X-ray structures were obtained. It was demonstrated that all synthesized Ho-MOFs were
microporous materials with low specific surface area, except for Ho-1,2-H2bdc, which was
found to have a high specific surface area. This was mainly due to the synthesis method of
the obtained materials, namely, the synthesis in ethanol.

The synthesized Ho-MOFs were evaluated as modifiers for a commercial polymer
polyether block amide Pebax-2533. The PEBA properties were investigated by dynamic and
kinematic viscosity, static and dynamic light scattering and gel permeation chromatography
methods. Polymer particles in the 1-butanol solution had an equivalent spherical size of
approximately 100 nm. The molecular weight distribution of the polymer chains was close
to monomodal, as the size distribution of the particles was quite narrow (also confirmed by
chromatography). The dynamic behavior of the solution and the dependence on static and
dynamic viscosity of PEBA solutions confirmed that the polymer belonged to the class of
flexible chains. The Kramer and Higgins coefficients were determined for these solutions
over a fairly wide range of temperatures and concentrations.

The mixed matrix dense membranes based on PEBA/Ho-MOFs composites were
developed and characterized by FTIR spectroscopy, scanning electron and atomic force
microscopy, thermogravimetric analysis and water contact angle measurements. It was
obtained that the introduction of Ho-MOFs into the PEBA matrix led to a decrease in surface
roughness and an increase in hydrophobicity, which could be related to the hydrophobic
ligands of the modifiers. High thermal stability was observed for all developed membranes,
allowing their use in membrane processes at elevated temperatures. The introduction of
Ho-MOFs into the PEBA caused a change in the transport properties in four-stage vacuum
filtration of dye aqueous solutions (Congo Red, Fuchsin, Glycine thymol blue, Methylene
blue, Eriochrome Black T). For all modified membranes, the increase of the flux was noted,
but the rise of rejection coefficients was observed only for dyes containing amino groups
(Congo Red and Fuchsin). It could be explained by the fact that non-ionized amino groups
in dye structures coordinated carboxyl groups of linkers in Ho-MOFs. The optimal Ho-MOF
modifier for PEBA was Ho-1,3,5-H3btc. This membrane demonstrated the highest rejection
coefficients (81% Congo Red and 68% Fuchsin) and flux (0.7 L/(m2s)) due to Ho-1,3,5-H3btc
needle-shaped structure, crystal morphology and uniform distribution of particles in the
polymer matrix. Thus, it was demonstrated that synthesized novel Ho-MOFs in ethanol
are perspective modifiers for PEBA membranes, in particular, for dye filtration.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym15183834/s1, Figure S1: Structural formula of (a) 1,3,5-
H3btc; (b) 1,2,4-H3btc; (c) 1,2-H2bdc; (d) 1,3-H2bdc; (e) 1,4-H2bdc; Figure S2. Shifted powder
diffraction patterns for (a) Ho-1,4-H2bdc (black line, synthesized in this work) and Y-1,4-H2bdc
(blue line, simulated from cif-file [95]); (b) Ho-1,3-H2bdc (black line, synthesized in this work) and
Al-1,3-H2bdc (blue line, simulated from cif-file [96]).; (c) Ho-1,3,5-H3btc (black line, synthesized in
this work) and Ho-1,3,5-H3btc (blue line, simulated from cif-file [97]); Figure S3. Structure of (a)
Ho-1,4-H2bdc simulated from cif -file [95], (b) Ho-1,3-H2bdc simulated from cif -file [96], (c) Ho-1,3,5-
H3btc simulated from cif -file [96]; Figure S4. EDX spectra for SEM micrographs (presented in Figure 2)
of Ho-1,3,5-H3btc MOF; Figure S5. EDX spectra for SEM micrographs (presented in Figure 2) of
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Ho-1,2,4-H3btc MOF; Figure S6. EDX spectra for SEM micrographs (presented in Figure 2) of Ho-1,2-
H2bdc MOF; Figure S7. EDX spectra for SEM micrographs (presented in Figure 2) of Ho-1,3-H2bdc
MOF; Figure S8. EDX spectra for SEM micrographs (presented in Figure 2) of Ho-1,4-H2bdc MOF;
Figure S9. Nitrogen adsorption–desorption isotherm of Ho-MOF: (a) Ho-1,3,5-H3btc; (b) Ho-1,2,4-
H3btc; (c) Ho-1,2-H2btc; (d) Ho-1,3-H2btc; (e) Ho-1,4-H2btc; Figure S10: Plots (a) of the reciprocal
relaxation times of the particle concentration fluctuations (τ1) versus the square of the wave vector
and (b) the dependence of the translational diffusion coefficients (Dt1) on the concentration for the
fast mode; Figure S11: (a) Plot of reciprocal relaxation times of particle concentration fluctuations
(τ2) versus the square of the wave vector and (b) plot of translational diffusion coefficients (Dt2)
versus concentration (right) for the slow mode; Figure S12: Optical micrographs for PEBA/Ho-
MOFs membranes: (a) PEBA/Ho-1,3,5-H3btc; (b) PEBA/Ho-1,2,4-H3btc; (c) PEBA/Ho-1,2-H2bdc;
(d) PEBA/Ho-1,3-H2bdc; (e) PEBA/Ho-1,4-H2bdc; Table S1. Structural formula, molecular weight,
maximum absorption wavelength of the dyes used; Table S2: Integrated light scattering intensity
for the solvent (1-butanol) and the standard (toluene) (445 nm, 25 ◦C); Table S3: Measured values
used for the calculation of the physical parameters of the solvent (1-butanol) and of the standard
(toluene) at 25 ◦C; Table S4: Characteristic relaxation times of particle concentration fluctuations (τ1)
in the scattered volume (fast mode); Table S5: Translation coefficient (Dt1) and radius of equivalent
sphere (Rh1) corresponding to the fast mode; Table S6: Characteristic relaxation times of particle
concentration fluctuations (τ2) in the scattered volume (slow mode); Table S7: Translational diffusion
coefficient (Dt2) and hydrodynamic radius of an equivalent sphere (Rh2) corresponding to the slow
mode; Table S8: Integrated intensity of the light scattering (I) for polymer solutions and its standard
deviation (St.D. I); Table S9: Results of measurement of relative and reduced viscosity at 10 ◦C;
Table S10: Results of measurement of relative and reduced viscosity at 20 ◦C; Table S11: Results of
measurement of relative and reduced viscosity at 25 ◦C; Table S12: Results of measurement of relative
and reduced viscosity at 30 ◦C; Table S13: Results of measurement of relative and reduced viscosity
at 40 ◦C; Table S14: Results of measurement of relative and reduced viscosity at 50 ◦C.
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6. Parnicka, P.; Lisowski, W.; Klimczuk, T.; Łuczak, J.; Żak, A.; Zaleska-Medynska, A. Visible-light-driven lanthanide-organic-
frameworks modified TiO2 photocatalysts utilizing up-conversion effect. Appl. Catal. B Environ. 2021, 291, 120056. [CrossRef]

7. Mezenov, Y.A.; Bruyere, S.; Krasilin, A.; Khrapova, E.; Bachinin, S.V.; Alekseevskiy, P.V.; Shipiloskikh, S.; Boulet, P.; Hupont, S.;
Nomine, A.; et al. Insights into Solid-To-Solid Transformation of MOF Amorphous Phases. Inorg. Chem. 2022, 61, 13992–14003.
[CrossRef] [PubMed]

8. Vodyashkin, A.A.; Sergorodceva, A.V.; Kezimana, P.; Stanishevskiy, Y.M. Metal-Organic Framework (MOF)—A Universal Material
for Biomedicine. Int. J. Mol. Sci. 2023, 24, 7819. [CrossRef]

9. Pereira, G.A.; Peters, J.A.; Almeida Paz, F.A.; Rocha, J.; Geraldes, C.F.G.C. Evaluation of [Ln(H2cmp)(H2O)] Metal Organic
Framework Materials for Potential Application as Magnetic Resonance Imaging Contrast Agents. Inorg. Chem. 2010, 49, 2969–2974.
[CrossRef]

10. Fujita, Y.; Kohaku, K.; Komiyama, N.; Ujiie, K.; Masu, H.; Kojima, T.; Wadati, H.; Kanoh, H.; Kishikawa, K.; Kohri, M.
Colorless Magnetic Colloidal Particles Based on an Amorphous Metal-Organic Framework Using Holmium as the Metal Species.
ChemNanoMat 2022, 8, e202200078. [CrossRef]

11. Dalakova, N.V.; Belevtsev, B.I.; Belyaev, E.Y.; Panfilov, A.S.; Bobrysheva, N.P.; Selyutin, A.A. Low-temperature nonlinear effects
in the conductivity of lightly doped cuprates La2−xSrxCuO4 in antiferromagnetic state. Low Temp. Phys. 2014, 40, 397–407.
[CrossRef]

12. Belevtsev, B.I.; Dalakova, N.V.; Osmolowsky, M.G.; Beliayev, E.Y.; Selutin, A.A.; Kolesnichenko, Y.A. Percolation effects in the
conductivity and magnetoresistance of compacted chromium dioxide powder. Bull. Russ. Acad. Sci. Phys. 2010, 74, 1062–1065.
[CrossRef]

13. Wu, P.; Xia, L.; Huangfu, M.; Fu, F.; Wang, M.; Wen, B.; Yang, Z.; Wang, J. Lanthanide-Based Metal–Organic Frameworks
Containing “V-Shaped” Tetracarboxylate Ligands: Synthesis, Crystal Structures, “Naked-Eye” Luminescent Detection, and
Catalytic Properties. Inorg. Chem. 2020, 59, 264–273. [CrossRef] [PubMed]

14. Sun, S.; Zhao, Y.; Wang, J.; Pei, R. Lanthanide-based MOFs: Synthesis approaches and applications in cancer diagnosis and
therapy. J. Mater. Chem. B 2022, 10, 9535–9564. [CrossRef] [PubMed]

15. Vizuet, J.P.; Mortensen, M.L.; Lewis, A.L.; Wunch, M.A.; Firouzi, H.R.; McCandless, G.T.; Balkus, K.J. Fluoro-Bridged Clusters in
Rare-Earth Metal–Organic Frameworks. J. Am. Chem. Soc. 2021, 143, 17995–18000. [CrossRef]

16. Bejan, D.; Bahrin, L.G.; Shova, S.; Marangoci, N.L.; Kökҫam-Demir, Ü.; Lozan, V.; Janiak, C. New Microporous Lanthanide
Organic Frameworks. Synthesis, Structure, Luminescence, Sorption, and Catalytic Acylation of 2-Naphthol. Molecules 2020, 25,
3055. [CrossRef]

17. Vizuet, J.P.; Lewis, A.L.; McCandless, G.T.; Balkus, K.J. Holmium-based metal-organic frameworks using the BDC linker.
Polyhedron 2021, 205, 115283. [CrossRef]

18. Das, A.K.; Vemuri, R.S.; Kutnyakov, I.; McGrail, B.P.; Motkuri, R.K. An Efficient Synthesis Strategy for Metal-Organic Frameworks:
Dry-Gel Synthesis of MOF-74 Framework with High Yield and Improved Performance. Sci. Rep. 2016, 6, 28050. [CrossRef]

19. Leubner, S.; Stäglich, R.; Franke, J.; Jacobsen, J.; Gosch, J.; Siegel, R.; Reinsch, H.; Maurin, G.; Senker, J.; Yot, P.G.; et al. Solvent
Impact on the Properties of Benchmark Metal–Organic Frameworks: Acetonitrile-Based Synthesis of CAU-10, Ce-UiO-66, and
Al-MIL-53. Chem. Eur. J. 2020, 26, 3877–3883. [CrossRef]

20. Deegan, M.M.; Antonio, A.M.; Taggart, G.A.; Bloch, E.D. Manipulating solvent and solubility in the synthesis, activation, and
modification of permanently porous coordination cages. Coord. Chem. Rev. 2021, 430, 213679. [CrossRef]

21. Seetharaj, R.; Vandana, P.V.; Arya, P.; Mathew, S. Dependence of solvents, pH, molar ratio and temperature in tuning metal
organic framework architecture. Arab. J. Chem. 2019, 12, 295–315. [CrossRef]

22. Zhang, B.; Zhang, J.; Liu, C.; Sang, X.; Peng, L.; Ma, X.; Wu, T.; Han, B.; Yang, G. Solvent determines the formation and properties
of metal–organic frameworks. RSC Adv. 2015, 5, 37691–37696. [CrossRef]

23. Bhindi, M.; Massengo, L.; Hammerton, J.; Derry, M.J.; Worrall, S.D. Structure Control Using Bioderived Solvents in Electrochemical
Metal-Organic Framework Synthesis. Appl. Sci. 2023, 13, 720. [CrossRef]

https://doi.org/10.1039/C5CC04928H
https://www.ncbi.nlm.nih.gov/pubmed/26207535
https://doi.org/10.1021/acs.inorgchem.2c00544
https://doi.org/10.1039/D2QM01201D
https://doi.org/10.1021/acsami.2c02929
https://www.ncbi.nlm.nih.gov/pubmed/35417126
https://doi.org/10.1021/acscatal.1c04260
https://doi.org/10.1016/j.apcatb.2021.120056
https://doi.org/10.1021/acs.inorgchem.2c01978
https://www.ncbi.nlm.nih.gov/pubmed/36001002
https://doi.org/10.3390/ijms24097819
https://doi.org/10.1021/ic9025014
https://doi.org/10.1002/cnma.202200078
https://doi.org/10.1063/1.4881175
https://doi.org/10.3103/S1062873810080071
https://doi.org/10.1021/acs.inorgchem.9b02177
https://www.ncbi.nlm.nih.gov/pubmed/31840503
https://doi.org/10.1039/D2TB01884E
https://www.ncbi.nlm.nih.gov/pubmed/36385652
https://doi.org/10.1021/jacs.1c10493
https://doi.org/10.3390/molecules25133055
https://doi.org/10.1016/j.poly.2021.115283
https://doi.org/10.1038/srep28050
https://doi.org/10.1002/chem.201905376
https://doi.org/10.1016/j.ccr.2020.213679
https://doi.org/10.1016/j.arabjc.2016.01.003
https://doi.org/10.1039/C5RA02440D
https://doi.org/10.3390/app13020720


Polymers 2023, 15, 3834 22 of 25

24. Lozano, L.A.; Iglesias, C.M.; Faroldi, B.M.C.; Ulla, M.A.; Zamaro, J.M. Efficient solvothermal synthesis of highly porous UiO-66
nanocrystals in dimethylformamide-free media. J. Mater. Sci. 2018, 53, 1862–1873. [CrossRef]

25. Wee, L.H.; Lohe, M.R.; Janssens, N.; Kaskel, S.; Martens, J.A. Fine tuning of the metal–organic framework Cu3(BTC)2 HKUST-1
crystal size in the 100 nm to 5 micron range. J. Mater. Chem. 2012, 22, 13742. [CrossRef]

26. Chang, J.; Wang, Y.; Chen, L.; Wu, D.; Xu, F.; Bai, Z.; Jiang, K.; Gao, Z. Cobalt nanoparticles embedded nitrogen doped carbon,
preparation from alkali deprotonation assisted ZIF-67 and its electrocatalytic performance in oxygen evolution reaction. Int. J.
Hydrogen Energy 2020, 45, 12787–12797. [CrossRef]

27. Wiwasuku, T.; Othong, J.; Boonmak, J.; Ervithayasuporn, V.; Youngme, S. Sonochemical synthesis of microscale Zn(II)-MOF with
dual Lewis basic sites for fluorescent turn-on detection of Al3+ and methanol with low detection limits. Dalt. Trans. 2020, 49,
10240–10249. [CrossRef]

28. Wiwasuku, T.; Boonmak, J.; Siriwong, K.; Ervithayasuporn, V.; Youngme, S. Highly sensitive and selective fluorescent sensor
based on a multi-responsive ultrastable amino-functionalized Zn(II)-MOF for hazardous chemicals. Sens. Actuators B Chem. 2019,
284, 403–413. [CrossRef]

29. Ma, K.-B.; Han, S.-B.; Kwon, S.-H.; Kwak, D.-H.; Park, K.-W. High-performance direct ethanol fuel cell using nitrate reduction
reaction. Int. J. Hydrogen Energy 2018, 43, 17265–17270. [CrossRef]

30. Yan, S.; Cheng, K.Y.; Ginige, M.P.; Zheng, G.; Zhou, L.; Kaksonen, A.H. Optimization of nitrate and selenate reduction in an
ethanol-fed fluidized bed reactor via redox potential feedback control. J. Hazard. Mater. 2021, 402, 123770. [CrossRef]

31. Xie, Y.; Ni, S.; Wang, S.; Wu, C.; Huang, K.; Ma, D.; Chen, L.; Liu, R.; Liu, H. Enhanced nitrate removal by alcohol-involved nitrate
photolysis-induced advanced reduction process. Chem. Eng. J. 2023, 473, 145244. [CrossRef]

32. Ladikan, O.; Silyavka, E.; Mitrofanov, A.; Laptenkova, A.; Shilovskikh, V.; Kolonitckii, P.; Ivanov, N.; Remezov, A.; Fedorova, A.;
Khripun, V.; et al. Thin Films of Lanthanide Stearates as Modifiers of the Q-Sense Device Sensor for Studying Insulin Adsorption.
ACS Omega 2022, 7, 24973–24981. [CrossRef] [PubMed]

33. Bobrysheva, N.P.; Selyutin, A.A.; Ivanov, N.S.; Sukhodolov, N.G. Magnetic ordering in nanofilms containing 3d elements. Russ. J.
Gen. Chem. 2015, 85, 1189–1190. [CrossRef]

34. Sukhodolov, N.G.; Kel’tsieva, O.A.; Fedorova, A.V.; Selyutin, A.A.; Podol’skaya, E.P. Surface properties of Langmuir–Blodgett
films and nanodispersed oxides containing nickel and copper. Russ. J. Gen. Chem. 2015, 85, 1974–1975. [CrossRef]

35. Lu, Y.; Li, X.; Giovanni, C.; Wang, B. Construction of MOFs-based nanocomposite membranes for emerging organic contaminants
abatement in water. Front. Environ. Sci. Eng. 2023, 17, 89. [CrossRef]

36. Baker, R.W.; Low, B.T. Gas Separation Membrane Materials: A Perspective. Macromolecules 2014, 47, 6999–7013. [CrossRef]
37. Lively, R.P.; Sholl, D.S. From water to organics in membrane separations. Nat. Mater. 2017, 16, 276–279. [CrossRef]
38. Dmitrenko, M.; Liamin, V.; Kuzminova, A.; Mazur, A.; Lahderanta, E.; Ermakov, S.; Penkova, A. Novel mixed matrix sodium

alginate-fullerenol membranes: Development, characterization, and study in pervaporation dehydration of isopropanol. Polymers
2020, 12, 864. [CrossRef]

39. Polotskaya, G.A.; Penkova, A.V.; Pientka, Z.; Toikka, A.M. Polymer membranes modified by fullerene C60 for pervaporation of
organic mixtures. Desalin. Water Treat. 2010, 14, 83–88. [CrossRef]

40. Dmitrenko, M.; Kuzminova, A.; Zolotarev, A.; Markelov, D.; Komolkin, A.; Loginova, E.; Plisko, T.; Burts, K.; Bildyukevich,
A.; Penkova, A. Modification strategies of polyacrylonitrile ultrafiltration membrane using TiO2 for enhanced antifouling
performance in water treatment. Sep. Purif. Technol. 2022, 286, 120500. [CrossRef]

41. Penkova, A.V.; Kuzminova, A.I.; Dmitrenko, M.E.; Surkova, V.A.; Liamin, V.P.; Markelov, D.A.; Komolkin, A.V.; Poloneeva, D.Y.;
Laptenkova, A.V.; Selyutin, A.A.; et al. Novel pervaporation mixed matrix membranes based on polyphenylene isophtalamide
modified by metal–organic framework UiO-66(NH2)-EDTA for highly efficient methanol isolation. Sep. Purif. Technol. 2021, 263,
118370. [CrossRef]

42. Dmitrenko, M.; Kuzminova, A.; Zolotarev, A.; Selyutin, A.; Ermakov, S.; Penkova, A. Nanofiltration Mixed Matrix Membranes
from Cellulose Modified with Zn-Based Metal–Organic Frameworks for the Enhanced Water Treatment from Heavy Metal Ions.
Polymers 2023, 15, 1341. [CrossRef] [PubMed]

43. Kuzminova, A.; Dmitrenko, M.; Zolotarev, A.; Markelov, D.; Komolkin, A.; Dubovenko, R.; Selyutin, A.; Wu, J.; Su, R.; Penkova,
A. Novel Mixed Matrix Membranes Based on Poly(vinylidene fluoride): Development, Characterization, Modeling. Polymers
2023, 15, 1222. [CrossRef] [PubMed]

44. Wang, L.; Huang, J.; Li, Z.; Han, Z.; Fan, J. Review of Synthesis and Separation Application of Metal-Organic Framework-Based
Mixed-Matrix Membranes. Polymers 2023, 15, 1950. [CrossRef] [PubMed]

45. Cruz-Navarro, J.A.; Hernandez-Garcia, F.; Alvarez Romero, G.A. Novel applications of metal-organic frameworks (MOFs) as
redox-active materials for elaboration of carbon-based electrodes with electroanalytical uses. Coord. Chem. Rev. 2020, 412, 213263.
[CrossRef]

46. Kuzminova, A.; Dmitrenko, M.; Zolotarev, A.; Korniak, A.; Poloneeva, D.; Selyutin, A.; Emeline, A.; Yushkin, A.; Foster, A.; Budd,
P.; et al. Novel Mixed Matrix Membranes Based on Polymer of Intrinsic Microporosity PIM-1 Modified with Metal—Organic
Frameworks for Removal of Heavy Metal Ions and Food Dyes by Nanofiltration. Membrane 2022, 12, 1–24. [CrossRef]

47. Shah Buddin, M.M.H.; Ahmad, A.L. A review on metal-organic frameworks as filler in mixed matrix membrane: Recent strategies
to surpass upper bound for CO2 separation. J. CO2 Util. 2021, 51, 101616. [CrossRef]

https://doi.org/10.1007/s10853-017-1658-5
https://doi.org/10.1039/c2jm31536j
https://doi.org/10.1016/j.ijhydene.2020.02.206
https://doi.org/10.1039/D0DT01175D
https://doi.org/10.1016/j.snb.2018.12.094
https://doi.org/10.1016/j.ijhydene.2018.07.094
https://doi.org/10.1016/j.jhazmat.2020.123770
https://doi.org/10.1016/j.cej.2023.145244
https://doi.org/10.1021/acsomega.1c07300
https://www.ncbi.nlm.nih.gov/pubmed/35910105
https://doi.org/10.1134/S1070363215050321
https://doi.org/10.1134/S1070363215080290
https://doi.org/10.1007/s11783-023-1689-x
https://doi.org/10.1021/ma501488s
https://doi.org/10.1038/nmat4860
https://doi.org/10.3390/polym12040864
https://doi.org/10.5004/dwt.2010.1528
https://doi.org/10.1016/j.seppur.2022.120500
https://doi.org/10.1016/j.seppur.2021.118370
https://doi.org/10.3390/polym15061341
https://www.ncbi.nlm.nih.gov/pubmed/36987122
https://doi.org/10.3390/polym15051222
https://www.ncbi.nlm.nih.gov/pubmed/36904461
https://doi.org/10.3390/polym15081950
https://www.ncbi.nlm.nih.gov/pubmed/37112097
https://doi.org/10.1016/j.ccr.2020.213263
https://doi.org/10.3390/membranes12010014
https://doi.org/10.1016/j.jcou.2021.101616


Polymers 2023, 15, 3834 23 of 25

48. Duan, Y.; Li, L.; Shen, Z.; Cheng, J.; He, K. Engineering Metal-Organic-Framework (MOF)-Based Membranes for Gas and Liquid
Separation. Membranes 2023, 13, 480. [CrossRef]

49. Farahani, S.K.; Hosseini, S.M. A highly promoted nanofiltration membrane by incorporating of aminated Zr-based MOF for
efficient salts and dyes removal with excellent antifouling properties. Chem. Eng. Res. Des. 2022, 188, 764–778. [CrossRef]

50. Fang, X.; Wei, S.; Liu, S.; Li, R.; Zhang, Z.; Liu, Y.; Zhang, X.; Lou, M.; Chen, G.; Li, F. Metal-Coordinated Nanofiltration
Membranes Constructed on Metal Ions Blended Support toward Enhanced Dye/Salt Separation and Antifouling Performances.
Membranes 2022, 12, 340. [CrossRef]

51. Shu, L.; Xie, L.-H.; Meng, Y.; Liu, T.; Zhao, C.; Li, J.-R. A thin and high loading two-dimensional MOF nanosheet based
mixed-matrix membrane for high permeance nanofiltration. J. Memb. Sci. 2020, 603, 118049. [CrossRef]

52. Meng, Y.; Shu, L.; Liu, L.; Wu, Y.; Xie, L.-H.; Zhao, M.-J.; Li, J.-R. A high-flux mixed matrix nanofiltration membrane with highly
water-dispersible MOF crystallites as filler. J. Memb. Sci. 2019, 591, 117360. [CrossRef]

53. Konyukhova, E.V.; Buzin, A.I.; Godovsky, Y.K. Melting of polyether block amide (Pebax): The effect of stretching. Thermochim.
Acta 2002, 391, 271–277. [CrossRef]

54. Yave, W.; Car, A.; Peinemann, K.-V. Nanostructured membrane material designed for carbon dioxide separation. J. Memb. Sci.
2010, 350, 124–129. [CrossRef]

55. Vasileiou, A.N.; Theodorakopoulos, G.V.; Karousos, D.S.; Bouroushian, M.; Sapalidis, A.A.; Favvas, E.P. Nanocarbon-Based
Mixed Matrix Pebax-1657 Flat Sheet Membranes for CO2/CH4 Separation. Membranes 2023, 13, 470. [CrossRef]

56. Nguyen, Q.T.; Sublet, J.; Langevin, D.; Chappey, C.; Marais, S.; Valleton, J.-M.; Poncin–Epaillard, F. CO2 permeation with Pebax
-based membranes for global warming reduction. In Membrane Gas Separation; John Wiley & Sons: Hoboken, NJ, USA, 2010;
pp. 255–277.

57. Nobakht, D.; Abedini, R. A new ternary Pebax®1657/maltitol/ZIF-8 mixed matrix membrane for efficient CO2 separation. Process
Saf. Environ. Prot. 2023, 170, 709–719. [CrossRef]

58. Du, X.; Feng, S.; Luo, J.; Zhuang, Y.; Song, W.; Li, X.; Wan, Y. Pebax mixed matrix membrane with bimetallic CeZr-MOFs to
enhance CO2 separation. Sep. Purif. Technol. 2023, 322, 124251. [CrossRef]

59. Azizi, N.; Jazebizadeh, M.H.; Azizi, F.; Jahanmahin, O.; Parsamehr, P.S.; Arzani, M. Enhancing CO2 permeation features of
PEBAX-based membrane via incorporating MgO nanoparticles in its polymeric matrix. Mater. Today Commun. 2023, 34, 105460.
[CrossRef]

60. Cao, H.; Gou, M.; Wang, C.; Guo, R. Constructing solubility-diffusion domain in pebax by hybrid-phase MOFs for efficient
separation of carbon dioxide and methane. Microporous Mesoporous Mater. 2022, 346, 112328. [CrossRef]

61. Maleh, M.S.; Raisi, A. In-situ growth of ZIF-8 nanoparticles in Pebax-2533 for facile preparation of high CO2-selective mixed
matrix membranes. Colloids Surf. A Physicochem. Eng. Asp. 2023, 659, 130747. [CrossRef]

62. Liu, J.; Pan, Y.; Xu, J.; Wang, Z.; Zhu, H.; Liu, G.; Zhong, J.; Jin, W. Introducing amphipathic copolymer into intermediate layer to
fabricate ultra-thin Pebax composite membrane for efficient CO2 capture. J. Memb. Sci. 2023, 667, 121183. [CrossRef]

63. Hasan, M.R.; Zhao, H.; Steunou, N.; Serre, C.; Malankowska, M.; Téllez, C.; Coronas, J. Optimization of MIL-178(Fe) and Pebax®

3533 loading in mixed matrix membranes for CO2 capture. Int. J. Greenh. Gas Control 2022, 121, 103791. [CrossRef]
64. Suhaimi, N.H.; Jusoh, N.; Rashidi, S.S.; Ch’ng, C.W.M.; Sambudi, N.S. Ethylene Recovery via Pebax-Based Composite Membrane:

Numerical Optimization. Sustainability 2023, 15, 1856. [CrossRef]
65. Berned-Samatán, V.; Téllez, C.; Coronas, J. Double-Layered Pebax® 3533/ZIF-8 Membranes with Single-Walled Carbon Nanotube

Buckypapers as Support for Gas Separation. Membranes 2023, 13, 71. [CrossRef] [PubMed]
66. Lu, S.-C.; Wichidit, T.; Narkkun, T.; Tung, K.-L.; Faungnawakij, K.; Klaysom, C. Aminosilane-Functionalized Zeolite Y in Pebax

Mixed Matrix Hollow Fiber Membranes for CO2/CH4 Separation. Polymers 2022, 15, 102. [CrossRef]
67. Abi, Y.; Li, W.; Chang, Z. PEBAX 3533/PAA/CNC Composite Fiber Membranes as the Humidifier Membrane for Proton Exchange

Membrane Fuel Cells. Ind. Eng. Chem. Res. 2022, 61, 1375–1385. [CrossRef]
68. Liu, J.; Fan, S.; Li, C.; Qing, H.; Xiao, Z. Sandwich Structure Membrane with Enhanced Anti-Swelling Property and Mechanical

Strength for Bioethanol Separation by Pervaporation. Ind. Eng. Chem. Res. 2023, 62, 5262–5273. [CrossRef]
69. Xue, Y.X.; Dai, F.F.; Yang, Q.; Chen, J.H.; Lin, Q.J.; Fang, L.J.; Lin, W.W. Fabrication of PEBA/HZIF-8 Pervaporation Membranes

for High Efficiency Phenol Recovery. ACS Omega 2022, 7, 23467–23478. [CrossRef]
70. Han, Z.; Zhao, Y.; Jiang, H.; Sheng, A.; Li, H.; Jia, H.; Yun, Z.; Wei, Z.; Wang, H. (3-Aminopropyl) Triethoxysilane-Modified ZIF-90

Nanoparticle/Polydimethylsiloxane Mixed Matrix Membranes for Ethanol Recovery via Pervaporation. ACS Appl. Nano Mater.
2022, 5, 183–194. [CrossRef]

71. Zhang, Y.; Jiang, Z.; Song, J.; Song, J.; Pan, F.; Zhang, P.; Cao, X. Elevated Pervaporative Desulfurization Performance of Pebax-Ag
+ @MOFs Hybrid Membranes by Integrating Multiple Transport Mechanisms. Ind. Eng. Chem. Res. 2019, 58, 16911–16921.
[CrossRef]

72. Zuo, J.; Shi, G.M.; Wei, S.; Chung, T.-S. The Development of Novel Nexar Block Copolymer/Ultem Composite Membranes for
C2–C4 Alcohols Dehydration via Pervaporation. ACS Appl. Mater. Interfaces 2014, 6, 13874–13883. [CrossRef] [PubMed]

73. Castro-Muñoz, R.; De La Iglesia, Ó.; Fila, V.; Téllez, C.; Coronas, J. Pervaporation-assisted esterification reactions by means of
mixed matrix membranes. Ind. Eng. Chem. Res. 2018, 57, 15998–16011. [CrossRef]

74. Soloukipour, S.; Saljoughi, E.; Mousavi, S.M.; Pourafshari Chenar, M. PEBA/PVDF blend pervaporation membranes: Preparation
and performance. Polym. Adv. Technol. 2017, 28, 113–123. [CrossRef]

https://doi.org/10.3390/membranes13050480
https://doi.org/10.1016/j.cherd.2022.10.027
https://doi.org/10.3390/membranes12030340
https://doi.org/10.1016/j.memsci.2020.118049
https://doi.org/10.1016/j.memsci.2019.117360
https://doi.org/10.1016/S0040-6031(02)00189-2
https://doi.org/10.1016/j.memsci.2009.12.019
https://doi.org/10.3390/membranes13050470
https://doi.org/10.1016/j.psep.2022.12.058
https://doi.org/10.1016/j.seppur.2023.124251
https://doi.org/10.1016/j.mtcomm.2023.105460
https://doi.org/10.1016/j.micromeso.2022.112328
https://doi.org/10.1016/j.colsurfa.2022.130747
https://doi.org/10.1016/j.memsci.2022.121183
https://doi.org/10.1016/j.ijggc.2022.103791
https://doi.org/10.3390/su15031856
https://doi.org/10.3390/membranes13010071
https://www.ncbi.nlm.nih.gov/pubmed/36676878
https://doi.org/10.3390/polym15010102
https://doi.org/10.1021/acs.iecr.1c04141
https://doi.org/10.1021/acs.iecr.2c04381
https://doi.org/10.1021/acsomega.2c01847
https://doi.org/10.1021/acsanm.1c02523
https://doi.org/10.1021/acs.iecr.9b03064
https://doi.org/10.1021/am503277t
https://www.ncbi.nlm.nih.gov/pubmed/24988480
https://doi.org/10.1021/acs.iecr.8b01564
https://doi.org/10.1002/pat.3865


Polymers 2023, 15, 3834 24 of 25

75. Sforça, M.L.; Yoshida, I.V.P.; Borges, C.P.; Nunes, S.P. Hybrid membranes based on SiO2/polyether-b-polyamide: Morphology
and applications. J. Appl. Polym. Sci. 2001, 82, 178–185. [CrossRef]

76. Gugliuzza, A. Poly(ether-block-amide) Copolymers Synthesis, Properties and Applications. In Handbook of Engineering and
Specialty Thermoplastics; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2011; pp. 111–140.

77. Mendoza-Mendoza, E.; España-Sánchez, B.L.; de Jesús Montes-Luna, A.; Castruita-de León, G. Effect of poly(ether block
amide)-graphene/ZnO membranes in mixed gas separation performance. J. Appl. Polym. Sci. 2023, 140, e53453. [CrossRef]

78. Amirkhani, F.; Harami, H.R.; Asghari, M. CO2/CH4 mixed gas separation using poly(ether-b-amide)-ZnO nanocomposite
membranes: Experimental and molecular dynamics study. Polym. Test. 2020, 86, 106464. [CrossRef]

79. Mousavi, S.R.; Asghari, M.; Mahmoodi, N.M. Chitosan-wrapped multiwalled carbon nanotube as filler within PEBA thin film
nanocomposite (TFN) membrane to improve dye removal. Carbohydr. Polym. 2020, 237, 116128. [CrossRef]
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