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ABSTRACT: Membrane technology plays a vital, applicable, and essential role in
human life and industry. The high adsorption capacity of membranes can be
employed for capturing air pollutants and greenhouse gases. In this work, we tried
to develop a shaped industrial form of a metal—organic framework as an adsorbent
material with the ability to capture CO, in the laboratory phase. To do so, a core/
shell Nylon 6,6/La-TMA MOF nanofiber composite membrane was synthesized.
This organic/inorganic nanomembrane is a kind of nonwoven electrospun fiber
that was prepared using the coaxial electrospinning approach. FE-SEM, surface
area calculations, nitrogen adsorption/desorption, XRD grazing incidence on thin
films, and histogram diagrams were applied to assess the quality of the membrane.
This composite membrane as well as pure La-TMA MOF were assessed as CO,
adsorbent materials. The CO, adsorption abilities of the core/shell Nylon 6,6/La-TMA MOF membrane and pure La-TMA MOF
were as high as 0.219 and 0.277 mmol/g, respectively. As a result of preparing the nanocomposite membrane from microtubes of La-
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TMA MOF, the %A of the micro La-TMA MOF (% 43.060) increased to % 48.524 for Nylon 6,6/La-TMA MOF.

1. INTRODUCTION

Metal—organic frameworks (MOFs) constitute one of the
most notable materials in chemistry and some other scientific
areas. Their excellent structures, great architecture, and long-
coordination modes bestow them with very unique features.
Therefore, they constitute one of the most engaging branches
of materials science and chemistry.

CO, is a crucial greenhouse gas that retains the warmth of
the earth’s surface. Without CO,, this temperature would have
been —18 °C, but with CO,, it increased to about 15 °C. The
basic problem correlated to greenhouse gases, especially CO,,
is their excessive amount in the air, mainly because of industrial
activity and the combustion of fossil fuels. Before the industrial
revolution, the CO, concentration was below 280 ppm, while
in 2019, it became about 410 ppm.'

At present, in industry and laboratories, carbon oxide is
adsorbed through special solvents, solid adsorbents, mem-
branes, ionic liquids, MOFs, polymeric membranes comprising
composite electrospun nanofiber membranes, etc.”

Research and publication on CO, capture started about half
a century ago, in 1975.” For the first time, MOFs were applied
for CO, adsorption by Yaghi’s group in 1998.*

Regeneration, conversion, and capture of CO, have high
importance not only because of its greenhouse effects but also
due to the overabundance of C1 as a building block in organic
transformation reactions as well as its free availability,
renewability, and nontoxic properties.*°
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Generally, there are three main methods to reduce CO, in
the industry: oxyfuel combustion, post-combustion, and pre-
combustion. In the post-combustion approach, CO, is
captured after the combustion of fossil fuels or other fuels
that produce CO,. In some cases, the existence of impurities,
for example in natural gas, causes an unclean flue gas stream,
and subsequently, additional clean-up and CO, capture are
needed. However, CO, capture is currently carried out through
chemical adsorption in aqueous organic-based solutions, such
as mono- or diethanol amines.”

CO, adsorption technology is mostly based on solvents and
liquid phases in comparison with highly porous metal—organic
frameworks in the solid phase.®

Polymeric membranes are extensively applied in the industry
and in daily life because of their solution processability and
flexibility. Polymeric membranes can purify special types of
pollutant gases through selectivity or permeability mecha-
nisms.

The first industrial application of a membrane to separate
components from a mixture of gases was achieved in about
1980 to collect hydrogen gas.'’
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In the last few years, several composites comprising various
polymers as well as inorganic materials have been introduced
as mixed matrix membranes (MMMs) to separate/adsorb
several-component mixtures; these membranes are composed
of a homogeneous combination of inorganic particles in a
polymeric matrix, which forms the base of the mixed matrix
membrane.” MMMs have noticeable properties such as the
ability to separate a mixture of different components in the
liquid or gaseous phase; furthermore, flexibility is another vital
property of these membranes.'' Zeolites, activated carbon,
carbon nanotubes, silica gel, mesoporous silica, nonporous
materials, and especially metal—organic frameworks constitute
inorganic fillers applied for preparing MMMs. However,
metal—organic frameworks are the latest class in this group.”'”

In recent decades, membrane technology has attracted great
attention, especially in fuel cells, industrial energy-efficient
separation, drug delivery, dialysis devices, and so on, because of
their role as selective barriers. At present, membrane processes
play vital roles in some industrial areas such as CO, capture
from flue gas or CO, elimination from natural gas. Membranes
are composed of organic/polymeric compounds and inorganic
materials, which are designed for specific purposes, depending
on the cost of the precursors, processability, thermal/chemical
stability, and other desirable properties.

An increase in the permeability of a membrane leads to a
decrease in selectivity; however, inorganic membranes have
high permeability and selectivity because of their porous
nature. Because of the complex processability and price of pure
inorganic membranes, inorganic materials composed of silica,
zeolites, metals, metal oxides, activated carbon, carbon
molecular sieves, and especially advanced porous materials
including metal—organic frameworks (MOFs), covalent
organic frameworks (COFs), porous organic cages (POCs),
together with organic polymers, are expected to have
synergistic effects. In order to separate different components
of an aqueous/gaseous mixture, microporous materials (with
pore diameters <2 nm) are more suitable due to the similarity
in pore diameters and kinetic diameters of the gas/liquid,
which leads to an increase in the probability of size-selective
separation.13

Some examples of separating/purifying mixtures of
components through metal—organic frameworks or their
mixed membranes are given here. The CO, adsorption of an
MOF-based suspension of ZIF-8 in an ionic liquid was
measured by Liu et al. The CO, capture of this suspension was
about 2.5 mg/g (0.0568 mmol/g) at 298 K.° In order to
control the release of picaridin, a composite of Nylon 6,6 and
this insect repellent was used and studied by Ryan and co-
workers.'* Nylon 6,6/graphene oxide and Nylon 6/UiO-66-
NH, nanofiber composites were used to remove toxic Cr (VI)
with suitable capacities.">'® Nylon 6/chitosan core/shell
nanofibers, as the antibacterial product, were synthesized,
applied, and assessed to inhibit infections of surgical trauma by
Keirouz et al.'’

In Table 1, decomposition temperatures of some common
organic polymers in the form of pellets/powder and fibers are
compared."”

In the CO, capture process, four strategies are pursued: (a)
post-combustion capture, (b) pre-combustion capture, (c)
direct air capture, and (d) oxyfuel combustion. CO, removal
from flue gas, after combustion of natural gas, represents the
“post-combustion CO, capture” process.

Table 1. Onset Decomposition Temperatures of PMMA,
PVC, Nylon 6, and Nylon 6,6'°

polymer onset decomposition temperature (°C)
PMMA electrospun 306
PMMA powder 266
PVC electrospun 276
PVC powder 282
Nylon 6 electrospun 424
Nylon 6 pellets 408
Nylon 6,6 electrospun 424
Nylon 6,6 pellets 434

Zeolites (porous aluminosilicate materials with a solid
phase) in comparison with alkanolamine solutions exhibit
faster CO, capture and less energy dissipation in degassing
procedures, whereas their usage is limited by a low adsorption
capacity and instability in the presence of water. Moreover,
activated carbon with a high CO, adsorption capacitg,
especially under high pressure, has low CO,/N, selectivity.'

In Table 2, some cases of metal—organic frameworks or their
mixed membranes and their CO, adsorption ability under

Table 2. Some Metal—Organic Frameworks or their Mixed
Membranes and their CO, Adsorption Ability

CO, capture

metal—organic frameworks (mmol/g) pressure/temperature
Cu-BTT*"* 0277 low pressure
Cu-BTTri-en”"* 0.366 low pressure
a mixed-matrix membrane of 6 25 bar

MIL-53
Ln-MOF1 (Ln = Sm)® 129 1 atm/273 K
Ln-MOF2 (Ln = Gd)® 1.87 1 atm/273 K
1-Ln (Ln = Eu)** ~1.52 1 atm/298 K
CPM-200-Fe/Mg™® 9.27 273 K
IRH-1 (La)*® 2.6 1 bar/298 K
IRH-2 (Ce)** 3.1 1 bar/298 K
IRH-3 (Pr)** 2.8 1 bar/298 K

various conditions are given. Introducing metal—organic
frameworks with an extensive diversity of pores and a high
surface area o)pens a new window in several scientific branches
to scientists.'” The CO, capture capacity of MOFs in bulk is
not necessarily more than that of MOFs incorporated into
membranes.”’

Metal—organic frameworks with low-connected metallic
centers, such as 3-, 4-, and 6-connected topologies, have
been extensively studied; however, the number of case studies
on highly connected networks are comparatively few.>*

Nevertheless, lanthanide-based MOFs, because of their rich
coordination geometry, ability to form highly connected
lattices, high stability, and other fascinating properties, have
garnered particular interest. Currently, Ln-based MOFs,
with'>™* metallic clusters and highly connected topologies
such as 20-connected uninodal clusters,” are being studied. Ln-
MOFs [Ln = Sm (MOF1)/Gd (MOF2)] of such 20-c metal—
organic frameworks, with a type I isotherm and micropores,
show 1.29 isotherm/g (for MOF1 with BET surface area =
946.74 m*/g) and 1.87 mmol/g (for MOF2 with BET surface
area = 834.26 m”/g) CO, adsorption at 273 K and 1 atm.’

Another Ln-MOF (Ln = Eu) with ether O-decorated
polycarboxylic acid linkers shows isotherm type I and 34.1
cm®/g (~1.52 mmol/g) CO, adsorption under 1 atm pressure

https://doi.org/10.1021/acsomega.3c01616
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at 298 K.*° A tricarboxylated Ln-MOF (Ln = Tb), which is
thermally stable up to 440 °C with a type I isotherm and
micropores, shows CO, capture values as high as 38.21 cm®/g
(~1.70 mmol/g) and 33.10 cm®/g (~1.48 mmol/g) under 1
bar at 273 and 295 K, respectively. In this case, an adsorption
process could be introduced as a host—guest interaction,
especially in micropores. In Tb-MOF, imidazolyl open active
sites and unsaturated metallic sites in the lattice could induce
an electrical field to create an electric dipole in CO, and cause
host—guest adsorption.”' ™

La-based MOFs, which were studied by Lama et al.,, consist
of oxygen atoms in the inner lining/walls. These oxygen atoms
belong to the organic network and not the coordination group.
This La-based MOF is thermally stable up to 400 °C and its
desolvated form reversibly and readily adsorbs 23 cm’/g
(~1.026 mmol/g) CO, at 273 K. In this MOF, each metal has
an LaQ, geometry."’4

CO, could be adsorbed by metal-center sites, and,
depending on the structures of ligands, could be adsorbed by
organic linkers, micropores, or microchannels.*

Recently, physisorption-based CO, capture with methods of
(I) temperature-swing adsorption, (II) pressure-swing adsorp-
tion, and (III) vacuum-swing adsorption, because of financial
advantages, have become more promising methods, which
have recyclability and cost-effectiveness as their key features.”

To design metal—organic frameworks with increased CO,
adsorption capability as well as improved selectivity, three
guidelines should be followed during designing and produc-
tion: (1) ultrahigh microporous MOFs, (2) MOFs with open
metal sites, and (3) MOFs with amine functionalization.’

Hon et al. reported that there is strong binding between
oxygen atoms of the organic linker and carbon atoms of CO,,
as well as between oxygen atoms of CO, and metal ions.””
Narrow micropores in adsorbent materials (~ 0.8 nm)
represent the ideal size of pores for CO, adsorption.”

Metal—organic frameworks with coordinatively unsaturated
metal ions with partial positive charges on the metal sites have
the advantage of Lewis acidity. Consequently, a high heat of
CO, adsorption (Q,), even at low pressure, is one of the
results. High polarizability and a large quadrupole moment of
CO, in comparison with other symmetric gas molecules, such
as N,, cause strong electrostatic interactions with such metal
centers. These MOFs exhibit thermodynamically and kineti-
cally desirable CO, adsorption. The binding mode and
accessibility of CO, to metal atoms in these metal—organic
frameworks are often end-on. Also, heteroatoms that are
incorporated within the backbone of frameworks, in some
cases, may exhibit strong interactions with CO,.**

A stable CO,-philic membrane with a high loading of
poly(ethylene oxide), a desirable CO,-philic compound, as a
component polymer, through one-step synthesis, was prepared.
The selectivities of this polymeric membrane for CO,/N, and
CO,/H, at hi§h pressure (20 bar) were about 36 and 21,
respectively.””*

Materials that are used in the industry should have a stable
shape and be easy to handle. Shaped materials are more ready
to use, and composites and multicomponent materials are
considered the most prominent and well-known category of
such compounds by some researchers.

A kind of diamine-functionalized MOF as a desirable CO,
adsorbent was combined with poly(vinylidene fluoride)
(PVDF) to prepare an MOF/polymer humidity-stable
composite with long-term performance and structural stability

by Park et al."' Another thermally stable, durable, and strong

MOF on the mesoporous cellulose template of balsa wood was
prepared by Wang and co-workers, which could adsorb 1.46
mmol/g CO, at atmospheric pressure and 25 °C.*

Composite nanofibers are from the class of shaped materials
that are usually in the form of membranes. They have many
advantages, including flexibility and nano-sized components,
and the components could have synergistic effects. Recently,
Haleem et al. reported a type of biochar-based nanofiber
composed of polyvinyl alcohol (PVA), which exhibited a CO,
adsorption ability as high as 462 mg/ g.43 Also, Othman et al.
synthesized and optimized activated carbon nanofibers by
incorporating magnesium oxide, which improved the amount
of CO, uptake in comparison with other MgO/activated
carbon composites at 298 K and 1 bar (from 49 to 61 cm?/
g). 44

Among composite membrane materials, because of their
extraordinary porous features, metal—organic frameworks have
excellent properties and a wide range of functions and special
position in the science. Accordingly, attention has been
directed toward these materials as one of the composite
components of CO,-adsorbent membranes.

Chae et al. introduced a moisture-tolerant metal—organic
framework composite membrane (epn-MOF 80@SBS) by
applying a hydrophobic polymer (SBS), which could adsorb as
much as 2.8 mmol/g CO, at 1000 ppm with considerable
recyclability.*® Also, thermal stability and water tolerance are
some features of a polyacrylate (PA)—MOF composite with
1.44 mol/kg CO, uptake, which was synthesized by Guo et al.
in the kilogram scale®’

Likewise, He et al. tried to prepare a high-grown metal—
organic framework within a mixed matrix membrane for
efficient carbon capture.*® Another mixed matrix membrane
was reported by Zhu et al. They used an adhered polyphenol
mediator to modify polymer chains and MOF structures,
resulting in enhanced membrane carbon capture.*’

With this background, our group tried to prepare a shaped
La-TMA MOF as an electrospun composite membrane and
assess its CO, adsorption capability.

2. MATERIALS AND METHOD

2.1. Materials and Instruments. All of the chemicals and
solvents were of analytical grade and obtained from
commercial sources. They were used without further
purification. Benzene-1,3,S-tricarboxylic acid, La(NO,);-
6H,0, and Nylon 6,6 were purchased from Sigma-Aldrich
company. Dimethyl formamide (DMF), formic acid, and other
solvents were obtained from Merck company.

Analysis of pores in the structure, BET assessments, nitrogen
adsorption/desorption graphs, and corresponding data anal-
yses were performed using BELSORP-mini II. The morphol-
ogy of the materials and their size histogram plots were
analyzed by the field-emission scanning electron microscopy
(FE-SEM) approach using QUANTA FEG 450 FEI as well as
FE-SEM TESCAN MIRA III instruments.

X-ray diffraction patterns of the Nylon 6,6/La-TMA MOF in
three different 6s angles (S, 7, and 10°) were obtained using an
ASENWARE, AW-XDM 300, device with step time = 1s, step
size = 0.05° 20 = 10—80° and 6s = S, 7, and 10°, with the
grazing incidence of the thin film at 0.154184 nm wavelength,
30 mA, and 40 kV.

https://doi.org/10.1021/acsomega.3c01616
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Table 3. Percentage of CO, Adsorption (%A) and Adsorption Capacity of Pure La-TMA MOF and the Nylon 6,6/La-TMA

MOF Core/Shell Nanofiber Composite

type of materials

La-TMA MOF (white powder)
Nylon 6,6/La-TMA MOF core/shell nanofiber composite

%A (% adsorption) Ag (mmol CO,/g of adsorbent)

43.060 0.277
48.524 0.219

Figure 1. (a) Components of the coaxial needle with 22 and 16 G needles. (b) Coaxial electrospinning system. (c) Enlarged image of the coaxial

electrospinning system.

2.2. Synthesis of La-TMA MOF. La-TMA MOF
preparation was performed according to a previous study;’’
the method is described in detail here:

Trimesic acid or benzene-1,3,5-tricarboxylic acid (0.350 g,
1.67 mmol) and La(NO;);:6H,0 (0.723 g, 1.67 mmol) with
1:1 molar ratio, as well as DMF (25 mL) and formic acid (25
mL), were added to an autoclavable glass flask and placed in an
oven at 100 °C temperature for 12 h. After that, the flask was
brought out from the oven and kept with its solvents at room
temperature for 20 h. The obtained product was filtered
through a filter paper and washed with 20 mL of pure DMF, 20
mL of deionized water, and 20 mL of pure acetone,
respectively. Thereupon, the white precipitate was dried in
an oven at 100 °C for 5 min and stored in the air under
ambient conditions (of course without any additional
pollution).

2.3. Preparation of Nylon 6,6 Nanofibers. In order to
achieve a desirable substrate for the shaping of the metal—
organic framework, Nylon 6,6 was selected, which is a heat-
stable polymer (more than 400 °C)."® To attain an optimal
morphology and nano-sized diameters, a 22% (w/w) solution
of Nylon 6,6 in formic acid was used. Nylon 6,6 pellets (0.22
g) were dissolved in formic acid (1 g) by vigorously stirring at
room temperature for about 90 min. The distance between the
needle and the collector was 10 cm. The rate of flow was 0.2
mL/h, and the voltage was 21 kV. After the beginning of
electrospinning and for about S min, uniform nanofibers were
obtained (Figure 3). Single-needle (22 G) electrospinning was
applied.

2.4. Production of the Polymeric Nanofiber Compo-
site of Nylon 6,6/La-TMA MOF Core/Shell Using
Concomitant Electrospinning. In this approach, a coaxial
needle (16 and 22 G) is used. The polymeric solution of Nylon
6,6 in a 1 ml syringe was directly connected to the central and
minor needle (22 G); also, the suspension of La-TMA MOF in
formic acid in another 1 ml syringe was connected to the major

needle (16 G), which formed the shell of the polymeric fibers.

Nylon 6,6 pellets (0446 g) in formic acid (2 g) were
vigorously stirred (a 22%, w/w, solution) for 75 min at room
temperature. This solution was supplied by the central needle.
The other solution, which was prepared from La-TMA MOF
(0.02 g) and formic acid (1 mL) by simply shaking (a 2%, w/v,
solution), supplied the syringe forming the shell. The distance
between the coaxial needles was 10 cm, the rate of flow was 0.2
ml/h, and the voltage was 21 kV. For the easy removal of the
nanofiber-produced layer from aluminum foil, a flexible lattice
network was used on the surface of the Al foil. After 3 h, the
product was facilely removed from the polymeric lattice
network (Figure 5); immediately after electrospinning, 0.0446
g of the nanofiber composite was obtained.

2.5. Degassing Procedure of La-TMA MOF and the
Nanofiber Composite. In order to desiccate and remove all
of the gases from the pores of all products, all of the MOF and
nanofiber materials were placed in a vacuum oven (0.1 atm) at
80 °C for 10 h in open glass flasks. Then, they were brought
out from the oven and immediately covered to inhibit any gas
or moisture adsorption; consequently, a slight decrease in
weight is observed.

2.6. CO, Adsorption. To evaluate the CO, adsorption
ability of La-TMA MOF and the core/shell mixed material
membrane comprising Nylon 6,6 and La-TMA MOF nano-
composites, an encasement with a CO,sensor was designed,
fabricated, and inserted into it. A gas tube was inserted to
inject CO,(g) through it. Furthermore, MATLAB software was
used to probe the CO, adsorption by means of a gas sensor. In
order to determine the CO, adsorption capability of all of the
materials and record the baseline, 0.6 mL of CO, gas was
directly injected into the 80 mL encasement (which was called
the “A” area). After a few seconds, when a stable condition was
achieved, the maximum point of the diagram (ppm) was
recorded as the concentration of CO,(g) in area “A”. Then, for
every trial, to determine the CO, adsorption of each sample, an
exact mass of that sample was placed at the end and inside of §
mL syringe (“B” area). Then, 0.6 mL of CO, was injected into
the “B” area to pass over the surface of materials and adsorb or

https://doi.org/10.1021/acsomega.3c01616
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maybe penetrate beside/into the materials. After that, the
remaining CO, was redirected into the “A” encasement and
detected. The results of these stages are presented in Table 3.

The coaxial needle that was applied for core/shell electro-
spinning was easily prepared by our group. The metallic parts
of two angiocaths (22 and 16 G) as well as the tube of one
scalp vein were enough to prepare a cheap and simple coaxial
needle (Figure 1a). Figure 1b, c, shows the system used for
electrospinning in this work.

3. RESULTS AND DISCUSSION

3.1. Investigation of Carbon dioxide Adsorption.
Examination of carbon dioxide adsorption of all materials was
performed under usual laboratory conditions (the temperature
and pressure were 27 °C and 0.815 atm, respectively). All
materials were degassed in a vacuum oven at 80 °C and 0.1
atm for 10 h. If all gases are assumed as ideal gases, according
to formula 1, 1 mole of CO,(g) under our laboratory
conditions is equal to 30.21976 L. In the Avogadro formula,
the parameters P, V, n, and T represent pressures (atm),
volume (liter), number of moles (1), and temperatures (K),
respectively.”’ Under STP conditions, 1 mole of ideal gas is
equal to 22.4136 L

BW/mT, = BV;/n,T, (1)

Using the amount of remaining CO,(g), which was entered
into the “A” area after the adsorption stage (V,), the total
content of “A” encasement (V,), and the numerical result of
the gas sensor (ppm) that was probed by MATLAB software,
the correlation given in formula 2 can be deduced

M=V,/V, x 10°or V, = MV, x 10° )

We can use formula 3 to calculate the percentage of CO,
adsorption (%A) by the materials. The total starting CO,(g)
amount that was directly injected into the “A” encasement
(Vca) was 0.6 mL. The amount of remaining CO,(g) that was
passed over the adsorbents (V,) was the other parameter.

%A = Vep — V,/Veu X 100 (3)

Moreover, the gas adsorption of adsorbent materials (mmol of
CO, adsorbed under ideal conditions per gram of adsorbent
material (S) under the common conditions in our laboratory
(4y)) could be calculated using formula 4

Ay = (Vep = V)/(S % 30.21976) 4)

3.2. Nitrogen Adsorption/Desorption Isotherm and
Surface Area. According to the ITUPAC classification, a type
IV isotherm was obtained for the Nylon 6,6/La-TMA MOF
nanocomposite, and the adsorption/desorption isotherm
exhibited an H3 hysteresis loop (Figure 2). Thus, mesopores
exist in this nanocomposite, and thus, Nylon 6,6/La-TMA
MOF is classified as a mesoporous material.”>>” The surface
area of the composite was determined through the nitrogen
uptake and applying BET calculations. BET, Longmuir, BJH, t
plots, and other data were computed through different
approaches (Table 4). Consequently, BET and Langmuir
surface areas of this nanocomposite are found to be 14.492 and
18.001 m?/g, respectively; also, the mean pore diameter is
18.514 nm.

The nitrogen gas adsorption/desorption diagram of the
nanocomposite membrane at 77 K (Figure 2) exhibits a type
IV isotherm as well as H3 hysteresis. Therefore, the

60
40 1 ul
|
20 1 /j
0 T
0 0.5 1
Plpo

Figure 2. Nitrogen adsorption/desorption diagram of Nylon 6,6/La-
TMA MOE.

Table 4. BET, Langmuir, ¢, and BJH Plots of the Nylon 6,6/
La-TMA MOF Core/Shell Nanofiber Composite

BET plot
Vi 3.3297 [em?(STP) g7']
a,pET 14.492 [m? g™']
mean pore diameter 18.514 [nm]

Langmuir plot

v, 4.1358 [em*(STP) g™
g ang 18.001 [m? g™!]
t plot adsorption branch
a, 6.4737 [m*g™']
Vi 0 [em® g7!]
BJH plot adsorption branch

Ve 0.068514 [em® g7!]
1 peat(area) 1.21 [nm]
a, 18.172 [m? g™']

nanocomposite membrane has mesoporous. This fact was
also confirmed by BET plot calculations with a mean pore
diameter of 18.514 nm (Table 4). Also, pure microtubes of La-
TMA MOF show a type IV isotherm and H1 hysteresis*’ with
uniform/narrow mesopores.”* Nevertheless, a clear decrease in
the mean pore diameter of the nanocomposite membrane is
observed (from 41.532 to 18.514 nm).

3.3. SEM and Histogram. Field-emission scanning
electron microscopy was performed to analyze in detail the
surface and morphology of the Nylon 6,6 nanofibers and
Nylon 6,6/La-TMA MOF nanocomposites. As exhibited in
Figure 3, very uniform nanofibers, without any aggregation,
were prepared using simple single-needle electrospinning. As a
result of simultaneous core/sell electrospinning of Nylon 6,6
and MOF nanoparticles, nanodimensional La-TMA MOF
particles on the nanofibers of Nylon 6,6 were fabricated and
can be clearly seen in Figure 4 Figure 5 displays an image of
Nylon 6,6/La-TMA MOF on the polymeric lattice network.

The most probable size distribution of MOF nanoparticles
that were deposited on nanofibers was between 40 and 175
nm, and the peak was at 70 nm (Figure 6). Moreover, the
histogram of nanofibers in this composite (Figure 7) shows the
most average domain size between SO and 200 nm (the peak at
125 nm).

3.4. Interpretation of the XRD Patterns of the Nylon
6,6/La-TMA MOF Nanocomposite. XRD grazing incidence
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Figure S. Image of Nylon 6,6/La-TMA MOF on the polymeric lattice
network.

patterns of the Nylon 6,6/La-TMA MOF reveal the presence
of amorphous and crystalline phases together in the nano-
composite. The hilly broad peak in the background and several
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-
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Figure 6. Histogram or size distribution of MOF nanoparticles in
Nylon 6,6/La-TMA MOF.
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Figure 7. Histogram or size distribution of nanofibers in Nylon 6,6/
La-TMA MOF.

small peaks or microstrains are attributed to polymeric Nylon
6,6 and nanoparticles of MOF, respectively (Figure 8). This
hilly broad peak of amorphous polymer overlaps with some
peaks of La-TMA MOF in this area. The normal XRD pattern
of microhexagonal hollow tubes of La-TMA MOF has been
reported in the literature. The XRD pattern of La-TMA micro-
MOF, accordinsg to the micro-sized and desirable crystallinity,
was optimized. ® Furthermore, the Nylon 6,6/La-TMA MOF
nanocomposite in the form of a thin film was studied
throughout grazing incidence at 6s = 5, 7, and 10°. It is
noticeable that due to a decrease in the size of MOF particles
(the micro-size changed into nano-size), microstrains instead
of sharp peaks appear.®**°

4. CONCLUSIONS

In summary, in this work, uniform and bead-free nanofibers of
a Nylon 6,6 electrospun membrane were prepared. Then, La-
TMA MOF was used in the nanoparticle form as a particle
shell of Nylon 6,6. By using the electrospinning approach, the
flexible core/shell Nylon 6,6/La-TMA MOF membrane was
prepared. The morphology, nano-size, and composite structure
of Nylon 6,6 nanofibers were confirmed by FE-SEM images
and XRD grazing incidence patterns. FE-SEM, surface area
calculations, nitrogen adsorption/desorption diagrams, XRD

MOF were applied to confirm the MOF nanoparticles on the
nanofiber structure and the size distribution of the
components.

Regarding the gas adsorption of metal—organic frameworks
or any other catalyst, “how to shape the catalyst to be used as a
gas adsorbent?” is a vital question. Consequently, a major part
of our project was directed toward finding an answer to this
question.

As it was clearly clarified, “shaping” of the lanthanum-TMA
MOF was considered by our group. In this project, by a facile
approach, nano La-TMA MOF particles were deposited on the
surface of Nylon 6,6 spun nanofibers to produce a core/shell
nanocomposite product. Besides using pure La-TMA MOF, for
the first time, the carbon dioxide adsorption by this mixed
membrane texture was examined, and the performances are
reported (0.277 and 0.219 mmol/g, respectively); the synthesis
of the nanocomposite membrane from microtubes of La-TMA
MOF increased the %A of the micro La-TMA MOF (%
43.060) to %48.524 for the Nylon 6,6/La-TMA MOF.

As shown in Table 3, the CO, adsorption abilities of La-
TMA MOF and a novel electrospinning mixed membrane
core/shell Nylon 6,6/La-TMA MOF nanocomposite were
assessed. Although the removal of phosphate and fluoride from
water””>® had been examined by using lanthanum metal—
organic frameworks with a trimesic acid linker, carbon dioxide
adsorption had not been taken into account by applying La-
TMA MOFs in previous studies. The linkage between “Nylon
6,6” and “La-TMA MOF” is a type of strong physical binding.
Therefore, changes in its chemical properties are not expected.
The thermal stabilities of “Nylon 6,6” and “La-TMA MOF” are
424 °C"® and about 400 °C, respectively. Consequently, the
thermal stability of the composite membrane is about 400 °C.

The adsorption performances of some classes of metal—
organic frameworks are inherently limited by their size,
functionality, pore structures, and so on, which would be
correlated with the amount of gas uptake. The functionalities
of organic linkers and features of pores are the main
parameters that should be considered to manage and improve
the gas adsorption of adsorbents.

A single type of organic linker and organic node leads to the
simplicity of the framework and pore architecture of La-TMA
MOE.
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Figure 8. XRD grazing incidence thin-film patterns of Nylon 6,6/La-TMA MOF at 6s = S, 7, and 10°.

22748 https://doi.org/10.1021/acsomega.3c01616

ACS Omega 2023, 8, 22742-22751


https://pubs.acs.org/doi/10.1021/acsomega.3c01616?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01616?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01616?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01616?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01616?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01616?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01616?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01616?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

The nitrogen gas adsorption/desorption diagram of the
nanocomposite membrane at 77 K (Figure 2) exhibits a type
IV isotherm as well as H3 hysteresis. Therefore, the
nanocomposite membrane has mesopores. This fact was also
confirmed by BET plot calculations, with a mean pore
diameter of 18.514 nm. Also, pure microtubes of La-TMA
MOF exhibit a type IV isotherm and H1 hysteresis’® with
uniform/narrow mesopores.”*

In spite of the mesoporous nature of La-TMA MOF (mean
pore diameter 41.532 nm in the BET plot) and Nylon 6,6/La-
TMA MOF (mean pore diameter 18.514 nm in the BET plot),
the size of mesopores considerably decreased as a result of
core/shell electrospinning of the composite membrane and
incorporation of Nylon6,6 nanofibers. However, the presence
of micropores of the desired size for CO, capture, below 2
nm,"® and in the ideal state, 0.8 nm,” would increase the
amount of CO, capture.

Furthermore, the flexibility and thermal stability of the
membrane (more than 400 °C) are other advantages of the
composite membrane.

High-coordinated metal sites of La-TMA MOF, because of
the presence of the lanthanide element, as well as the oxygen
heteroatom, could improve the CO, uptake. Incorporation of
the MOF into a polymeric electrospun membrane could have
synergistic effects on the shaped product.

As a result of the preparation of the nanocomposite
membrane from microtubes of La-TMA MOF, the %A of
the micro La-TMA MOF (% 43.060) increased to %48.524 for
Nylon 6,6/La-TMA MOF.

These results show that the CO, capture by this method
could be extended to other adsorbent materials and polymeric
fibers of this group to improve the ability of CO, adsorption by
using the electrospun fiber technology and composite
membranes.
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