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Highlights
What are the main findings?

e  The synthesis conditions used, such as linker concentration, the time of synthesis, and
the type of solvent, have a strong influence on ZIF-67 morphology, changing its shape
(rhombic grains, flakes, or irregular grains), size (from ~50 to 130 nm), and number
of particles.

e  The samples synthesized in the presence of methanol led to highly crystalline ZIF-67
particles that showed a CO, adsorption of 0.40 mmol/g at 1.2 bar and 273 K.

What are the implications of these findings?

e  This work shows the paths for obtaining different structures of ZIF-67 that might be
interesting for different applications, such as dye removal and gas separation.

e  The knowledge obtained here can be used with different MOFs and to expand the
field of in situ synthesis.

Abstract: Advanced materials including metal-organic frameworks (MOFs) are a critical
piece of the puzzle in the search for solutions to various scientific and technological chal-
lenges, such as climate change due to the ever-increasing emissions of greenhouse gas.
There is intense interest in MOFs due to their potential use for a variety of environmental
applications, including catalysis and gas storage. In this work, we specifically focus on
the in situ growth of zeolitic imidazolate framework-67 (ZIF-67) on poly(acrylonitrile)
(PAN) fibers and its potential application in CO; adsorption. Nanofibers were spun from a
solution containing PAN and cobalt (II) nitrate hexahydrate using electrospinning. Then,
the fibers were immersed in solution with 2-methylimidazole for different time durations.
Via the diffusion of the cobalt ions through the fibers and interaction with the ligands in
the solution, ZIF-67 was formed. From analysis via SEM, FTIR, PXRD, and CO, adsorption,
it is evident that varying different parameters—the type of solvent, immersion time, and
ligand concentration—affected the morphology of the formed ZIF-67. It was found that
immersion for 4 h in 6.0 mg/mL of ligands in methanol created the ZIF-67@PAN best suited
for CO; adsorption, showing a CO, uptake of 0.4 mmol/g at 1.2 bar and 273 K.

Keywords: electrospinning; ZIF-67; solvents; in situ growth; CO, capture

1. Introduction

Carbon dioxide emissions remain one of the most important contributors to climate
change, and as of 2023, human-caused CO; pollution reached a new record at 36.8 billion
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tons [1]. To combat this, carbon capture and storage (CCS) and carbon capture utilization
and storage (CCUS) are being deployed [2]. However, the implementation of these pro-
cesses is limited, as the gas compression and capture methods used are costly, ranging from
USD 15 to USD 120 per metric ton of CO,, even excluding transportation and storage costs,
and this accounts for almost 75% of the total cost [3,4].

The use of advanced materials has been studied intensively as a solution to various
scientific and technological challenges, like carbon capture. Porous materials, including
metal-organic frameworks (MOFs), formed by the linking of transition metal cations or
clusters with organic linkers, have great potential for gas storage [5] due to their high
surface areas [6]. Zeolitic imidazolate framework-67 (ZIF-67), a MOF based on Co?* and
2-methylimidazolate organic ligands, has stood out due to its remarkable chemical stability,
ease of synthesis, and high porosity, and this has driven researchers to explore its application
in carbon capture [7]. Saeed et al. synthesized a ZIF-67-based mixed matrix membrane
that adsorbed 0.5 mmol/g, which is 67% more than pure polysulfone adsorbed [8], while
Yong et al. successfully developed a ZIF-67/glycol-2-Melm slurry that had a solubility of
1.3 mol/L of CO; at 1 bar and 303.2 K [9].

Given that MOFs tend to agglomerate in real applications which in turn reduces their
performance, MOF-derived composites were fabricated, and the electrospinning technique
used for this stands out due to its simplicity, relatively low cost, and ability to precisely
control the morphological characteristics of fibers [10-14]. Furthermore, electrospinning
provides a high surface area—volume ratio, which is crucial for applications where surface
efficiency is important, such as in electrochemical devices, scaffolds for particle growth,
sensors, and filter materials [15].

The choice of PAN is motivated by its unique properties, including its chemical
stability, flexibility, good compatibility with ions, and ease of being electrospun, resulting
in mats with high porosity [16]. It is often used to produce carbon fibers, as it does not
melt and instead maintains its skeleton fibrinous structure when heated [17]. Therefore,
this work is based on the in situ growth of ZIF-67 particles on electrospun PAN nanofibers.
An in-depth understanding of this nanostructured system expands the scope of potential
applications and contributes to the advancement of nanomaterials. Fibers containing PAN
and cobalt ions from cobalt nitrate (Co(NOg3),) were obtained through the electrospinning
process. Such fibers were immersed in a solution containing 2-methyl imidazole ligands
for a certain time for the ZIF-67 particles to be formed on PAN fibers.

In this work, three parameters were varied: the solvent (water, ethanol, methanol,
and isopropanol), immersion time (0.5, 1, and 4 h), and linker concentration used
(2.0, 4.0, and 6.0 mg/mL). The fibers produced were characterized via SEM, PXRD, and
FTIR. This MOF synthesis method is relatively new and requires more development. A sys-
tematic analysis of these parameters on the morphological variation in the ZIF-67 particles
formed was carried out. In addition, the CO, adsorption of the fibers synthesized with
different solvents was evaluated.

2. Materials and Methods
2.1. Materials

The materials in this work were used without further purification. The materials
used were as follows: poly(acrylonitrile) (PAN) with M,, = 150,000 g/mol obtained from
Zhonghui Co., Ltd., Shanghai, China; N,N-dimethylformamide (DMF) > 99.8% obtained
from Fisher Chemical (Waltham, MA, USA); Acetone > 99.8% obtained from VWR Chemi-
cals BDH® (Radnor, PA, USA); cobalt (II) nitrate hexahydrate (Co(NO3),-6 HyO) > 97.7%
obtained from Alfa Aesar (Haverhill, MA, USA); 2-methylimidazole (2-Melm) 99% obtained
from Sigma-Aldrich (St. Louis, MO, USA); ethanol 99.9% obtained from VWR Chemicals
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BDH®; methanol 99.9% obtained from VWR Chemicals BDH®; isopropanol 99.9% obtained
from Belle Chemical (Billings, MT, USA); and deionized water.

2.2. Electrospinning

A method from previous work was adapted for the electrospinning process [18]. A
solution containing 0.03 g/mL of cobalt (II) nitrate hexahydrate in DMF-Acetone (8:2 v:v)
was prepared at room temperature until a translucid dark pink and homogeneous appear-
ance was obtained. Then, PAN (0.1 g/mL) was gradually added while the solution was
mixed to ensure minimal clumping. The final solution was mixed under magnetic stirring
at 30 °C for a minimum of 1 h or until homogeneous. Prior to electrospinning, the solution
was kept at room temperature until it was no longer warm to touch. The homogenous
solution was then electrospun using the following conditions: a 21 G needle, 6 cm work
distance, drum collector at 600 rpm, 1.0 mL/h solution flow rate, 13 kV of applied voltage,
11% relative humidity, and a chamber temperature of 22 °C. The process was run for 3 h,
and mats with a slightly pink appearance, due to the presence of cobalt, were collected for
further use.

The concentration of Co** was determined according to the amount of cobalt nitrate
added to the solution. This amount was the maximum possible amount in our experiments
that still led to a steady electrospinning process. A higher amount of cobalt nitrate increased
the electrical conductivity of the solution and made the process unstable, leading to the
shutdown of the power supply, sparkles, and/or the improper deposition of fibers all over
the equipment.

2.3. In Situ Growth

For the in situ growth of ZIF-67, 0.2 g of the obtained mat was immersed in a covered
Petri dish with 50 mL of solvent (methanol, ethanol, isopropanol, or water) containing a
certain amount of 2-MeIm. The solvents, 2-Melm concentration, and time of immersion
were varied according to Table 1. After immersion, the mats were collected, washed in
deionized water, and air-dried overnight. This process is described in Figure 1. To estimate
the amount of ZIF-67, the mats were weighed before and after the process, and extra weight
was assumed to only be due to 2-Melm.

Table 1. Labeling of samples according to synthesis conditions.

Solvent 2-Melm Concentration (mg/mL) Time (h)  Sample Name
Methanol 6 0.5 M_6_0.5
Methanol 6 1 M 61
Methanol 6 4 M_6_4
Methanol 4 4 M 4 4
Methanol 2 4 M2 4

Water 2 0.5 W_2 05
Water 2 1 W21
Water 2 4 W 24
Water 4 4 W_4 4
Water 6 4 W_6_4

Ethanol 6 4 E 6.4

Isopropanol 6 4 164
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Figure 1. Schematic representation of in situ synthesis of ZIF-67 on electrospun PAN fibers. (The red
arrow represents the collector’s rotation).

2.4. Characterization

The powder X-ray diffraction (PXRD) patterns of the samples were obtained using a
Bruker D8 Advance (ECO) diffractometer (Billerica, MA, USA) operating in the 20 range
from 5 to 80° with CuKa radiation (A = 1.5406 A). The infrared spectra of the samples were
obtained with a resolution of 2 cm~! in the wavelength range of 400-4000 cm~! using
Fourier-transform infrared spectroscopy (FTIR) (Agilent Cary 630, Santa Clara, CA, USA).
The morphologies of the samples were analyzed using a Scanning Electron Microscope
(SEM) (Zeiss SIGMA VP, Jena, Germany). The adsorption isotherms for CO, (99.998%) were
conducted up to 1.2 bar at 273 K and 30 s for an equilibration interval using an Accelerated
Surface Area & Porosimetry System (ASAP) 2020 supplied by Micromeritics Instruments
Inc. (Norcross, GA, USA). The fiber diameter and particle dimensions were measured using
the software Image] version 1.54k 15, and the final values were obtained after taking the
average and standard deviation of 100 measurements [19].

3. Results and Discussion
3.1. As-Spun Fibers

The as-spun fibers (before in situ growth) presented a uniform morphology, as can
be seen in Figure 2a. Furthermore, the surface of the fibers presented a slight roughness
(Figure S1) which occurs due to the presence of cobalt ions that cause viscoelastic instability
during the electrospinning process [20]; such roughness can provide physical anchor-
ing points for the MOF particles to be grown on fibers. The fiber diameter distribution,
Figure 2b, shows that the fibers have diameters distributed between 200 nm and 1500 nm,
with the average diameter being 765 £ 205 nm.

N
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Figure 2. (a) SEM image and (b) diameter distribution of as-spun PAN + Co(NOj3),-6 H,O fibers.
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The FTIR spectrum (Figure 3a) shows a broad peak around 3400 cm ™!, pertaining to
the stretching of O-H bonds that are attributed to water from cobalt nitrate hexahydrate.
The other bonds of cobalt nitrate are represented by the peaks at 1650 cm ! (antisymmetric
stretching of N=0), 1392 cm~! (symmetric stretching of N=0), 826 cm~! (out-of-plane
bending of N-O) [21,22], and 539 cm~1, which is assigned to the Co-N interaction, indicating
that cobalt is embedded into the PAN fibers. In addition, the FTIR spectra show peaks
related to PAN and peaks that can be related to comonomers, which are commonly used in

PAN synthesis. A summary of the peaks, bonds, and possible assignments can be seen in
Table 2 [23].
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Figure 3. FTIR spectra of (a) as-spun PAN + Co(NOj3),-H,O fibers and (b) ZIF-67@PAN fibers (sample
M_6_4).

Table 2. The identification of the FTIR peaks present on the as-spun fibers and ZIF-67@PAN samp]es.

As-Spun Fiber ZIF-67@PAN
Frequfil Yy Bond Assignment Bond Assignment
(cm™1)

3400 O-H H,0 - -

2926 CH corrIE:nNo;ner CH cor:?nﬁ;ner

2246 C=N PAN C=N PAN

1732 C=0 Comonomer C=0 Comonomer

1651 N=0O Cobalt nitrate - -

1572 - - C=N ZIF-67

1452 C-H PAN C-H PAN

1392 N=0O Cobalt nitrate - -

1318 C=0 Comonomer C=0 Comonomer

1170 Cc-0 Comonomer c-0 Comonomer

1141 - - Imidazole ring ZIF-67

1043 o€ corrI:)AnNo;ner CO-C corf?nﬁ;ner

998 - - Imidazole ring ZIF-67

828 N-O Cobalt nitrate - -

756 - - Imidazole ring ZIF-67

688 - - Imidazole ring ZIF-67
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Table 2. Cont.
As-Spun Fiber ZIF-67@PAN
Frequfil Yy Bond Assignment Bond Assignment
(cm—1)
539 Co-O Cobalt nitrate Co-O Cobalt nitrate
426 - - Co-N ZIF-67

3.2. Influence of Time and Ligand Concentration

The growth kinetics and morphology of the MOFs synthesized by the in situ method
depend on three main variables: the immersion time, the concentration of the linker in the
liquid where the fibers will be immersed, and the type of liquid. In the first step of this
work, the influence of time and the concentration of 2-Melm (in either methanol or water)
was analyzed.

After the in situ growth process in methanol, the FTIR spectrum presented some
similarities and changes when compared to that of the as-spun fibers. Figure 3b shows that,
for sample M_6_4 (see Table 1 for sample naming convention), the peaks related to PAN and
the comonomer (2928, 2245, 1733, 1452, 1170, and 1064 cm 1) remained, indicating that the
process did not lead to any change in the molecular structure of the polymer. Furthermore,
the peaks for water (3400 cm 1) and nitrate (1650, 1366, 835, and 539 cm 1) disappeared or
decreased significantly, indicating that they were removed during immersion. On the other
hand, new peaks were observed, which were assigned to the 2-MeIm linker (1574 cm !
of the C=N stretching and 1142, 998, 756, and 688 cm ™! for the out-of-plane bending and
in-plane bending of the imidazole ring) [24]. The most important peak observed is the
peak at 426 cm ™!, which is attributed to the Co-N stretching between cobalt and nitrogen
present in the 2-Melm ligand. The presence of this peak indicates success in the synthesis of
ZIF-67 [25]. The other samples prepared with methanol as a solvent (Figure S2a) presented
the same peaks but with different intensities for the peaks related to ZIF-67, mainly for
the peak around 420 cm~! (Figure S2b). This indicates that this phase was formed in all
conditions but with different characteristics.

In general, the crystallinity of MOFs and CO, have a positive correlation: more
crystalline MOFs present higher CO, adsorption [26,27]. Previous work demonstrated that
the area under the PXRD peak is a good indicator of the relative crystallinity [28-30], and
this can be correlated with Avrami’s equation in a way to study the growth kinetics of the
system. The relative crystallinity (y) is expressed by the following equation:

area under the curve(011) plane at time t
area under the curve(011) plane at 24 h

To evaluate the relative crystallinity of the samples, the area under peak for the plane
(011) was calculated with Origin 2025 software. The PXRD patterns of 29 from 6.5 to 8.0° of
ZIF-67 crystals as a function of synthesis time can be seen in Figure S3. The kinetics of ZIF-
67 growth followed Avrami’s classic model, which is expressed as follows: y = 1 — e ",
where k is a scaling constant, t is synthesis time, and n is the Avrami constant. This
equation can be expressed in the linear form as follows: In(—In(1 — y)) = In(k) + nln(f).
The experimental data for ZIF-67 agrees with Avrami’s model, as shown in Figure 4a,b.

The values of the two constants were k = 1.1 x 1072 min " and 7 = 0.914. The value
of k is a function of both the nucleation rate and growth rate; it is directly related to n and
varies according to the temperature, solvent, and concentration used. The typical values
of k for MOFs are in the range of 10~ to 102 min~"; in the case of ZIF-67, Feng et al. [28]
obtained a value of k = 1.37 x 10~* with synthesis at room temperature in methanol. In this
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work, a higher value indicates that the nucleation rate is very high or instantaneous, caused
by PAN fibers that act as a surface for nucleation, characteristic of heterogeneous nucleation.
The value of n can be written as n = ny + ng, where ny and ng represent the nucleation
and growth components, respectively. In this case, since nucleation is instantaneous, ny
can be neglected [31,32]. In diffusion-controlled growth with instantaneous nucleation
(ny =0), which is the case of this work, the Avrami exponent values are n = 1.5, 1, and
0.5 for spherical, plate-like, and needle-like growth, respectively [31,32]. However, the
particles formed did not present a plate- or needle-like morphology (Figure 5). This can be
explained by the fact that the particles were limited initially by the fibers and later by other
particles, hindering homogeneous growth in all directions.

a (b)
’ ( ) 100
24 P 9
7 ~
s 2 80+ — Fit
= 1 P 7 é ¢ Experimental
i / ©
A -* ®» 604
£ o s >
L s o
£ » 2 404
¢ Slope =0.914 2 y = 1- exp(-0.011*t>%'4)
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Figure 4. (a) Linear and (b) exponential Avrami fitting for relative crystallinity for samples synthesized
in methanol with 6.0 mg/mL of 2-Melm at different times. (Dotted line indicates the time of 4 h).

To evaluate the influence of time on the growth of ZIF-67 particles in methanol, a
constant concentration of 2-Melm of 6.0 mg/mL was used. When immersed for only 0.5 h
(Figure 5a), the sample presented a high number of particles with a granular morphology
and an average size & standard deviation of 57 4= 14 nm. The sample immersed for 1 h
presented a similar number of particles but with a size of 88 + 26 nm, and the largest
particles had a prismatic shape (Figure 5b). When the immersion time was 4 h, the fibers
were completely covered by particles that overlapped and presented an average size and
standard deviation of 134 £ 34 nm (Figure 5c). The PXRD patterns displayed in Figure 5f
show that all samples present a very well-defined peak at 2 9 = 7.3° related to the (011)
plane of ZIF-67 [18], where sample M_6_4 presented the most intense peak. The presence
of well-defined peaks at short synthesis times suggests that ZIF-67 crystals may evolve
from a metastable phase [28].

The SEM images show the morphological evolution of the particles synthesized at
different concentrations of 2-Melm and immersed for 4 h. From the images, it is possible to
observe that when the concentration of 2-Melm was changed from 6 mg/mL (Figure 5c)
to 4 mg/mL (Figure 5d), the size and shape of the particles did not change; however, the
number of particles decreased, so the PAN fibers were no longer completely covered by
ZIF-67. When the concentration was reduced to 2 mg/mL, the particles were slightly larger
but in much smaller quantities (Figure 5e); this can be explained by the Ostwald ripening
phenomenon, where larger particles grow at the expense of smaller particles. This indicates
that the concentration of 2-Melm has a major effect on the number of particles formed [33].

A constant concentration of 2-Melm equal to 2.0 mg/mL was used to evaluate the
influence of time on the growth of ZIF-67 particles in water. When water was used as
a solvent, the particle morphology changed substantially in each condition. Figure 6a—c
show samples W_2_0.5, W_2_1, and W_2_4, respectively. It was observed that after 0.5 h,
small flakes were formed around the fibers; however, after 1 h, the particles presented



Fibers 2025, 13, 50 8 of 15

diverse morphologies, including flakes, sheets, and granules. After 4 h, the in situ synthesis
led to large flakes and sheets covering a large part of the PAN fibers. In some MOFs,
polymorphism is possible with a variety of intermediates, ranging from amorphous gels to
metastable crystalline phases [33,34]. Despite the different morphologies, PXRD (Figure 6f)
shows few to no peaks of ZIF-67, while FTIR (Figure S4) shows Co-N peaks for all the
samples. This confirms the existence of cobalt-imidazole pairs but not necessarily ZIF-67.
The formation of MOFs requires a connection between metal ions/clusters and organic
linkers with a suitable ratio and direction.

Intensity (a.u)

Figure 5. SEM images and PXRD plot of samples synthesized via immersion in methanol under
different conditions. (a) M_6_0.5, (b) M_6_1, (c) M_6_4, (d) M_4_4, (e) M_2_4, and (f) PXRD patterns.
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Intensity (a.u)

Figure 6. SEM images and PXRD plot of samples synthesized via immersion in water under different
conditions. (a) W_2_0.5, (b) W_2_1, (c) W_2_4, (d) M_4_4, (e) M_6_4, and (f) PXRD patterns.

Figure 6¢c—e show the evolution of the morphology of the particles synthesized in
different concentrations of 2-Melm and immersed for 4 h. When the concentration increases
from 2.0 mg/mL to 4.0 mg/mL, the particles become more uniform and have an appearance
of scales/flakes around the entire surface of the fibers. At 6.0 mg/mL of 2-Melm, the flocs
disappear and become small granules, which are ZIF-67. Samples W_4_4 and W_6_4 are
the only ones in Figure 6f that present a small peak at 29 = 7.3°, indicating that there is a
small amount of ZIF-67 in them.

Water exhibits a high interfacial tension with the dissolved precursors, creating a
higher surface barrier for crystallization and delaying nucleation. For this reason, samples
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in water could not grow to form the 3D ZIF-67 network under conditions with low 2-Melm
concentration and short synthesis time [35]. Other researchers observed that for ZIF-8, due
to the high polarity of water, zinc ions have a greater tendency to react with the hydroxide
group formed during the hydrolysis of water, rather than 2-methylimidazole. In this case,
water acts as a ligand in the reaction and restricts the formation of the three-dimensional
ZIF-8 crystal by forming a two-dimensional material [35].

3.3. Influence of Solvent

For ZIF-67 synthesized using different solvents, the morphologies are significantly in-
fluenced by the polarity, viscosity, and solubility characteristics of each solvent, as observed
in Figure 7.

= 400 nm ‘

Figure 7. SEM images of fibers after being immersed for 4 h in (a) methanol, (b) ethanol, (c) water,
and (d) isopropanol. (2-MeIm concentration of 6.0 mg/mL).

When methanol is used as the solvent, its high polarity and low viscosity lead to the
rapid nucleation of ZIF-67 crystals due to the deprotonation of methanol and the high
diffusivity of Co?* and 2-MeIm ™~ [35]. These characteristics result in uniform nanocrystals
with well-defined polyhedral shapes that are very well distributed over the PAN fibers
(Figure 7a). In contrast, ethanol, with a slightly lower polarity and higher viscosity than
methanol, slows down the nucleation and growth rates. The formed particles presented
irregular shapes (Figure 7b) instead of the polyhedral shape seen when methanol was used.
Images in higher magnification can be found at Figure S5. Moreover, PXRD (Figure 8a)
shows that all the peaks related to ZIF-67 are present for sample E_6_4, though with lower
intensity than that for sample M_6_4.
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Figure 8. (a) PXRD pattern and (b) FTIR spectra of samples immersed for 4 h in different solvents.
(2-Melm concentration of 6.0 mg/mL).

Water, being highly polar and possessing high surface tension, produced a dramat-
ically different result. The slow nucleation process in the aqueous condition led to a
two-dimensional morphology mixed with small grain-like particles (Figure 7c). Further-
more, PXRD (Figure 8a) shows the presence of a small peak at 2 % =7.3° for sample W_6_4,
which indicates the presence of a small amount of ZIF-67. The use of isopropanol intro-
duced other differences due to its lower polarity and higher viscosity, which resulted in
ZIF-67 not forming under the studied conditions. No crystalline peaks were observed for
sample I_6_4 (Figure 7d).

The FTIR spectra (Figure 8b) corroborate the SEM and PXRD analyses; namely, the
sample synthesized in methanol presents very intense peaks of ZIF-67 (especially the peak
around 420 cm™1).

The CO, adsorption isotherms for the pure PAN fibers and the samples synthesized
with methanol, ethanol, water, and isopropanol are shown in Figure 9. The PAN fibers
without any cobalt nitrate or ZIF-67 particles showed an adsorption close to 0.05 mmol/g
at a pressure of 1.2 bar and 273 K. The samples with the lowest loading of ZIF-67 particles,
1_6_4 and W_6_4, presented maximum adsorptions of 0.25 and 0.28 mmol/g, respectively,
and even though these are low values, they are greater than that for pure PAN, suggesting
that precursors have an influence on CO; adsorption. Furthermore, the samples with more
ZIF-67 particle formation (based on PXRD and FTIR) are the samples with higher CO,
adsorption capacities. Sample E_6_4 showed an adsorption of 0.36 mmol/g at a pressure
of 1.2 bar, while sample M_6_4 presented an adsorption of 0.40 mmol/g. These results
indicate that the presence of crystalline structures of ZIF-67 on PAN fibers significantly
increases the adsorption of CO,. The complete isotherms (adsorption and desorption) in
Figure 56 show that there is hysteresis in all samples, where the complete desorption of
CO; occurs when the pressure of the system is removed.

Besides the relatively low value for CO, adsorption, when compared to other studies
in the literature (Table 3), this work shows the importance of the solvent used during the
synthesis of ZIF-67 on electrospun PAN fibers. Furthermore, this work can be highlighted
for its simplicity and interesting value of CO, obtained even with a low amount of MOF.
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Figure 9. CO, adsorption isotherms for the as-spun fibers and the samples synthesized with methanol,
ethanol, water, and isopropanol. (a) from 0 to 1.2 bar; (b) amplification of (a), from 0 to 0.2 bar.

Table 3. Comparison of CO, adsorption in different works using MOFs and polymers through
different integration methods.

Weight Integration CO; Capacity Temperature

Content Method (mmol/g) K] Reference

MOF Polymer

In situ
ZIF-67 PAN 2% growth on 0.40 273 This work
nanofibers

ZIF-67 PSU 3% Solution 0.50 273 8]
casting

ZIF-8 PAN 60% Direct elec- 0.55 298 [36]
trospinning

HKUST-1 PAN 60% Direct elec- 255 298 [36]
trospinning

Direct elec-

HKUST-1 PAN 82% trospinning 3.90 298 [37]
+ Secondary

growth

In situ
ZIF-67 RSCA - growth on 1.33 273 [38]
nanofibers

In situ
ZIF-8 Chitosan - growth on ~0.70 275 [39]
beads
Direct elec-

MIL-101 PAN 70% . 1.00 298 [40]
trospinning

4. Conclusions

In this work, the influence of three factors on the in situ growth of ZIF-67 on electro-
spun PAN fibers was evaluated: synthesis time, 2-Melm concentration, and solvent type.

It was observed that the use of methanol leads to more crystalline particles and that
this effect is impaired at low synthesis times and low concentrations of 2-Melm; the best
result was obtained with the synthesis process using methanol as the solvent, 6.0 mg/mL of
2-Melm, and a 4 h duration; particles with a polyhedral shape and dimensions around
130 nm were formed, which were highly crystalline and completely covering the
PAN fibers.

When ethanol was used, a very thin layer of ZIF-67 particles, without a regular shape,
was formed uniformly on the PAN fibers. The use of water as a solvent led to a mixture of
morphologies according to the synthesis condition, with particles in the shape of sheets,
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flakes, and grains being obtained. On the other hand, the use of isopropanol did not lead
to the formation of particles on the fibers.

Regarding CO, adsorption, the samples with the highest number of particles (syn-
thesized with methanol and ethanol) presented higher adsorption values of 0.40 and
0.36 mmol/g, respectively, at 273 K and a pressure of 1.2 bar. In comparison, pure PAN
fibers presented an adsorption of only 0.05 mmol/g, showing that the in situ growth of
ZIF-67 on PAN results in better CO, adsorption.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/fib13050050/s1, Figure S1: SEM image at different magnifications
of as-spun PAN + Co(NOj3),-6 HyO fibers. Figure S2: FTIR spectra of the samples synthesized via
immersion in methanol under different conditions. Figure S3: PXRD peak related to the (011) plane of
samples synthesized in methanol, 6.0 mg/mL of 2-Melm at different times. Figure S4: FTIR spectra of
the samples synthesized via immersion in water under different conditions. Figure S5: SEM images
at lower magnification of fibers after immersed for 4 h in (a) methanol, (b) ethanol, (c) water, and
(d) isopropanol. (2-Melm concentration of 6.0 mg/mL). Figure S6: CO, adsorption and desorption
isotherms for the samples synthesized with methanol, ethanol, water, and isopropanol.
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