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A facile approach was employed to fabricate MIL-100(Fe) materials from Fe,O3 nanoparticles through a conventional hydrother-

mal reaction without the presence of HF and HNOj. Effects of trimesic acid content in the reaction system on the quality and

CO,/N, separation performance of the as-prepared MIL-100(Fe) samples were investigated. Using 1.80 g of trimesic acid in the

reaction system yielded the sample M-100Fe@Fe,O3#1.80, which proved to be the optimal sample. This choice struck a balance

between the amount of required trimesic acid and the quality of the resulting material, resulting in a high yield of 81% and an
impressive BET surface area of 1365.4 m2-g~!. At 25 °C and 1 bar, M-100Fe@Fe,0#1.80 showed a CO, adsorption capacity of
1.10 mmol-g~! and an IAST-predicted CO4/N; selectivity of 18, outperforming conventional adsorbents in CO,/N, separation. Im-

portantly, this route opens a new approach to utilizing Fe;03-based waste materials from the iron and steel industry in manufac-

turing Fe-based MIL-100 materials.

Introduction
Metal-organic frameworks (MOFs) are well-ordered porous
hybrid structures assembled from the fundamental components

of metal ion clusters and organic linkers. MOFs are well known

as multipurpose materials that serve a broad range of applica-

tions because of their unique construction variants, enormous

surface areas, high thermal stability, changeable pore system
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sizes, and customizable chemical surfaces [1-6]. The family tree
of MOFs holds giant lineages such as Zeolitic Imidazolate
Framework (ZIF), University of Olso (UiO), Material of Insti-
tute Lavoisier (MIL), Dresden University of Technology
(DUT), and others. Among them, the Fe-based MIL-100(Fe)
material stands out as an exceptional member of the MIL family
because of its distinct properties [7,8]. MIL-100(Fe) offers a
substantial number of unsaturated metal sites. These sites act as
Lewis acid sites once ligands (-OH and water) are removed
from the termini of iron octahedra in the secondary building
units (SBUs) through an activated-thermal process in a vacuum-
controlled environment [9,10]. Notably, density and oxidation
states of the formed unsaturated Fe sites (Fe(Il) and Fe(III)) are
temperature-dependent, influencing the strength of the Lewis
acid properties. Lower temperatures (approx. 150 °C) favor
Fe(IlI), while higher temperatures up to 250 °C promote Fe(II)
[9,10]. The MIL-100(Fe) structure is built from oxo-trimers of
iron octahedra as SBUs together with bridges of benzene-1,3,5-
tricarboxylate, yielding a hybrid supertetrahedral structure.
Following that, the hybrid structures self-assemble in a certain
sequence to form a topology resembling the MTN-type of
zeolite seen in Zeolite Socony Mobil Thirty-Nine (ZSM-39)
[11]. The MIL-100(Fe) structure has a cubic series containing
two types of large chambers with average diameters of 2.5 and
2.9 nm, which may accommodate guest molecules entering
through pentagon (0.47-0.55 nm) and hexagon (0.86 nm) aper-
tures; this is an extremely porous channel system with immense
surface area and pore volume [10,12]. Furthermore,
MIL-100(Fe) is also widely recognized for its low manufac-
turing cost, environmental friendliness, and biodegradability.
Because of the abovementioned advantages, MIL-100(Fe) has
gained popularity as a candidate for gas separation of CO/CO,
[9,13], CO/N; [14,15], CO,/CH4 [16], CH4/C,Hg/C3Hg [17],
and SF¢/N, [18].

In the early stage, MIL-100(Fe) was produced using metal-
lic iron and iron salts, along with HF and HNO3, in a conven-
tional hydrothermal reactor operated at high temperatures
[9,10]. While HF and HNO3 improve yield and quality of
MIL-100(Fe), they are harmful to the environment because of
their toxicity and corrosiveness. As a result, scientists are
consistently working to eliminate HF, HNO3, and other
enhancing agents from the reaction process while maintaining
the material quality. Initially, trimethyl benzene-1,3,5-tricar-
boxylate and iron(IIT) chloride hexahydrate (FeCl3-6H,0) were
combined to create MIL-100(Fe) without using HF and HNO3.
This method resulted in high-quality MIL-100(Fe) with a Lang-
muir surface area of 2800 m2-g~!, but the yield was only 47%.
In addition, it extended the reaction time to three days and sig-
nificantly increased the cost because of the more expensive

trimethyl benzene-1,3,5-tricarboxylate compared to trimesic
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acid [19]. These factors caused an immense rise in production
cost. Further efforts were made to enhance both product quality
and yield by using FeCl3-6H,0 and iron(IIl) nitrate nonahy-
drate (Fe(NO3)3-:9H,0) as iron precursors in a high-tempera-
ture reactor without HF and HNOj3. The findings revealed that a
high Fe(NO3)3-9H,0 concentration in the MIL-100(Fe) prepa-
ration resulted in excellent outcomes, achieving approximately
80% yield and a BET surface area of 1800 m2-g~!. These results
closely matched those from the original recipe, which utilized
metallic iron in the presence of HF and HNOs3, yielding 82%
and a BET surface area of 2050 m2-g_1 [20]. Since then, various
green synthetic routes from ferric nitrate and metallic iron
powder have been developed for generating MIL-100(Fe), in-
cluding low-temperature synthesis [21], solvent-free synthesis
[22], and dry gel conversion pathway [23]. It should be noted
that the observed BET surface area fluctuates between 1100
and 2100 m?.g~!, reflecting the quality of the obtained
MIL-100(Fe); it depends on the iron precursors, synthetic path-
ways, and the purification procedure to eliminate unexpected
components inside the pore system [20,24,25].

Additionally, iron oxides were considered as iron precursors re-
quired to make MIL-100(Fe). The first candidate FezO4 was
used to successfully fabricate MIL-100(Fe) in a hydrothermal
reactor in the absence of HF and HNOj3 [26,27]; it resulted in
enhanced porosity of the obtained material when increasing the
mass ratio between Fe;0,4 and benzene-1,3,5-tricarboxylic acid
in the reactor. Very recently, Freund et al. [28] employed Fe,0O3
to produce successfully MIL-100(Fe) in a conventionally
hydrothermal reaction at 150 °C for 27 h with the assistance of
HF and HNO3, which are hazardous chemicals to the environ-
ment. In contrast to metallic iron and iron salts, iron oxides are
acknowledged for their easy storage and abundant availability
in raw materials derived from natural iron oxidation processes
and steelmaking industry waste [29,30]. These characteristics
play a crucial role in the selection of economical raw materials
for the large-scale production of MIL-100(Fe). Utilizing iron
oxide as an iron precursor for manufacturing MIL-100(Fe) con-
tributes to the expansion of raw material options. According to
what we know, until now, there has been no report on a path-
way for generating MIL-100(Fe) from Fe,O3 without the assis-
tance of HF and HNO3.

In this study, MIL-100(Fe) nanoparticles were successfully
made utilizing a green synthetic route to convert Fe;O3 in a
traditional hydrothermal reaction with the assistance of trimesic
acid. A variety of analytical methods were employed to esti-
mate quality and yield of the as-prepared MIL-100(Fe) materi-
als, including thermogravimetric analysis (TGA), Fourier-trans-
form infrared (FTIR) spectroscopy, powder X-ray diffraction

(PXRD) measurements, determination of textural properties,
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scanning electron microscopy (SEM), and X-ray photoelectron
spectroscopy (XPS). Subsequently, the gas separation perfor-
mance of the as-prepared MIL-100(Fe) samples was assessed
by studies regarding CO, and N, adsorption isotherms at
various temperatures with pressures up to 1 bar.

Experimental

Materials

Iron(III) oxide (Fe,O3, 96%) and benzene-1,3,5-tricarboxylic
acid (H3BTC, 95%) were supplied from Sigma-Aldrich. An-
hydrous ethanol (EtOH, 99.5%) was acquired from Daejung
Chemicals (Korea). Deionized (DI) water was generated using
the Aqua Max ultra 360 system from Young-Lin (Korea). No

further purification was performed on the chemicals before use.

Preparation of M-100Fe@Fe>O3 and

MIL-100(Fe) materials

The Fe-based metal-organic framework (MIL-100) was fabri-
cated through a hydrothermal reaction system using iron(III)
oxide as the precursor and H3BTC as linker for Fe ion clusters.
The procedure was adapted from the method described by
Aslam and coworkers [26]. Typically, 0.9 g Fe,O3 and differ-
ent amounts of H3BTC, alongside 45 mL of DI water, were
introduced into a Teflon beaker and gently stirred for 15 min
at room temperature. The mixture was then carefully sealed
inside an autoclave made of stainless steel before being placed
inside an electrically heated oven operated at 160 °C for 12 h.
Once the resultant slurry had cooled to ambient temperature, it
was washed with DI water and EtOH at 60 °C three times.
Finally, the solid powder was collected after centrifugation
and drying at 70 °C for 12 h. The resulting products were
marked as M-100Fe@Fe,03#0.90, M-100Fe@Fe,03#1.35,
M-100Fe@Fe,03#1.80, and M-100Fe@Fe,03#2.25, corre-
sponding to H3BTC amounts of 0.90, 1.35, 1.80, and 2.25 g, re-
spectively.

A MIL-100(Fe) reference sample was prepared in accordance
with the protocol described in Horcajada's report [11], with ad-

ditional details provided in Supporting Information File 1.

Characterizations

The materials’ crystalline structure was identified via room-
temperature powder X-ray diffraction (PXRD) patterns from a
MiniFlex600 system (Rigaku, Japan). The scan covered a 20
range of 3-40° at a speed of 6°-min~!. Information regarding
the morphologies of Fe,O3 and M-100Fe@Fe,O3 materials was
collected using a field-emission scanning electron microscope
Leo-Supra 55 (Carl Zeiss STM, Germany). An attenuated total
reflectance (ATR) setup was adopted to record the Fourier-
transform infrared (FTIR) spectra of all samples on a Frontier

spectrometer (PerkinElmer, USA) in the wavenumber range of
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4000-400 cm™!. The thermal stability of the as-prepared materi-
als was investigated over a temperature range of 30-650 °C,
employing an acceleration rate of 5 °C-min~! in an air
stream, using a Q50 thermogravimetric analyzer (TA Instru-
ments, New Castle, USA). The chemical states of Fe and O in
the materials were examined using a K-Alpha photoelectron
spectrometer (ThermoFisher Scientific, USA). The isotherms
for N, adsorption and desorption at 77 K over the materials
were measured using a BELSORP-max apparatus (BEL, Japan).
This allowed for calculating the surface area, using the
Brunauer—-Emmett-Teller (BET) model, and the total pore
volume and pore size distribution, using the Horvath-Kawazoe
(HK) model. The samples were activated under vacuum at
150 °C for 12 h before being introduced into the porosity

analyzer.

CO» and N» adsorption test

The characteristic adsorption of CO; and N, on the as-prepared
materials was investigated in the range of 0—100 kPa at differ-
ent temperatures using a static adsorption system (BELSORP-
min II, BEL, Japan). Prior to implementation, approximately
250 mg of M-100Fe@Fe,O3 and MIL-100(Fe) samples were
degassed under vacuum at 50 °C for 2 h, followed by an addi-
tional 12 h at 150 °C in a glass tube before naturally cooling to
ambient temperature. To assess the adsorbent’s reusability, five
cycles of CO, adsorption and desorption were conducted at
25 °C. The adsorbent was refreshed for 2 h at 100 °C under
vacuum for each cycle.

Estimation of CO»/N» selectivity via ideal
adsorbed solution theory (IAST)

The TAST is widely recognized as a predictive means to eval-
uate the adsorption selectivity of an adsorbent towards a gas
mixture without experimental data for the gas mixture. Herein,
a binary mixture of CO; and N, containing 10 vol % CO; is
used to anticipate the CO,/N; selectivity of the as-prepared
materials. Initially, the experimental adsorption data for the
single components CO, and N, were measured in a range of
0-100 kPa at 25 °C, which were then described using the Lang-
muir—Freundlich model [31,32]. The fitted parameters are given
in Supporting Information File 1, Table S1 with high correla-
tion coefficient values (R? = 0.9998) for all samples. Subse-
quently, the CO,/N, selectivity over all samples was anticipat-
ed using IAST alongside the fitted parameters of the model. All
Langmuir-Freundlich and IAST-CO,/N; selectivity equations
are detailed in Supporting Information File 1.

Results and Discussion

Material characterizations
A range of M-100Fe@Fe,O3 samples was prepared from iron

oxide (Fe,O3) nanoparticles as precursor with H3BTC as
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organic linker through a hydrothermal reaction as shown in
Figure 1. The H3BTC concentration was incrementally intro-
duced into the reaction system to control the quality of the

as-prepared samples.

As shown in Figure 2, reflections of crystalline Fe,O3 were
detected in the p-Fe,O3 XRD pattern, which are in absolute
agreement with the simulated data, including the (220) and
(311) planes in the examined region (JCPDS 39-1346). After
the Fe,O3 nanoparticles underwent a highly conditional reac-
tion, the characteristic peaks of MIL-100(Fe) were verified in
the XRD profiles of the as-prepared M-100Fe@Fe,0O3 samples.
The XRD data of the reference MIL-100(Fe) sample and the
simulated data from CCDC 640536 were aligned, demon-
strating the successful preparation of MIL-100(Fe) crystals
from Fe,O3 nanoparticles under the studied conditions. A
further examination revealed that the measured peaks of
MIL-100(Fe) gradually increased, whereas those of Fe,O3 de-

O:C/OH

| |
OH OH

H;BTC

Fe,04

Figure 1: Pathway for preparing M-100Fe@Fe>O3 samples.
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creased in intensity with increasing amounts of H3BTC
from 0.9 to 1.80 g. However, even after increasing the
H3BTC amount to 2.25 g in the reaction system, the
characteristic peaks of MIL-100(Fe) and Fe,O3 were still
preserved. This demonstrates that Fe,O3 nanoparticles were
partially converted into MIL-100(Fe) material, with the quality
of the obtained MIL-100(Fe) depending on the H3BTC concen-

tration.

To further reinforce this statement, the morphology of all
materials was examined via SEM analysis. Figure 3 reveals
that Fe,O3 nanoparticles appeared in spherical shapes, while
MIL-100(Fe) crystals displayed an octahedral morphology with
sizes around 1 uym. The SEM images of M-100Fe@Fe,O3
samples showed polyhedral nanoparticles, indicating the
successful preparation of MIL-100(Fe) crystals. It is important
to note that the morphology of the obtained MIL-100(Fe)
crystals depends on both the source of Fe-based precursor

H,0,150°C,12 h

MIL-100(Fe)

-
on
wv
\ Ll LT Simulated MIL-100(Fe)

Simulated p-Fe,O,

220
—T1311

Intensity (a.u.)

M-100Fe@Fe,0,#2.25

M-100Fe@Fe,0 #1.80

M-100Fe@Fe O #1.35

M-100Fe@Fe,0#0.90

20 (degree)

Figure 2: PXRD patterns of FexO3, MIL-100(Fe), and M-100Fe@Fe>O3 samples.
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Figure 3: SEM images of FexOg3, MIL-100(Fe), and M-100Fe@Fe»O3 samples.

and the synthetic approaches employed [24,25]. Additionally,
the SEM images showed that spherical nanoparticles
were easily observed in the M-100Fe@Fe,03#0.90
and M-100Fe@Fe,03#1.35 samples, whereas they
were harder to detect in the M-100Fe@Fe,O3#1.80 and
M-100Fe@Fe,03#2.25 samples. This suggests that the
concentration of MIL-100(Fe) crystals in the prepared
M-100Fe@Fe,03 samples increases in the following
order: M-100Fe@Fe,03#0.90 < M-100Fe@Fe,03#1.35 <
M-100Fe@Fe,03#1.80 < M-100Fe@Fe,03#2.25. This result
aligns well with the XRD data shown in Figure 2.

Figure 4 exhibits ATR-FTIR spectra of Fe,O3, MIL-100(Fe),
and as-prepared M-100Fe@Fe,O3 samples. Characteristic
peaks, including vibration bands in the region of 550 to
630 cm™!, were assigned to Fe—O bonds in the Fe,Oj structure

[33], and a signal at 620 cm™! was attributed to the vibration of
Fe(III)-O bonds in oxo-centered trinuclear iron complexes
(Fe3—0) within the MIL-100(Fe) framework [32]. Besides, the
vibrations at 712 and 760 cm™! as well as in the region of
13801620 cm™!, which were only detected on the FTIR spec-
tra of M-100(Fe) @Fe,O3 samples, are well known as character-
istic signals of MIL-100(Fe) [9,32]. It is noteworthy that the
distinctive signals of MIL-100(Fe) displayed increasing intensi-
ty, while the signals associated with Fe,O3 (specifically at 420,
440, 680, and 730 cm™!, as depicted in Figure 4) gradually
weakened as the H3BTC content was elevated from 0.90 to
1.80 g. These combined observations provide strong evidence
of the successful synthesis of MIL-100(Fe) from Fe,O3 nano-
particles; the proportion of MIL-100(Fe) in the final material
depends on the quantity of H3BTC introduced into the reaction
system.
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Figure 4: FTIR spectra of FexO3, MIL-100(Fe), and M-100Fe@Fe»O3 samples.

The textural properties of all materials were determined through
analysis of N, adsorption and desorption isotherms. Figure Sa
illustrates a dense structure for Fe,O3 nanoparticles, with iso-
therms exhibiting a type-III profile according to ITUPAC. It
reflects a limited BET surface area and a pore volume of
36.3 m2-g~! and 0.118 cm3.g~!, respectively (Table 1). In
contrast, the reference MIL-100(Fe) sample exhibited N
adsorption/desorption isotherms characteristic of type 1. Addi-
tionally, a pore size distribution was observed with three promi-
nent peaks at approximately 0.62, 1.30, and 1.75 nm within the
micropore region defined by IUPAC (less than 2.0 nm), as
depicted in Figure 5b. These observations confirm that the
reference sample has a microporous structure with a BET
surface area and a total pore volume of 1825.4 m2.g~! and
0.772 cm3.g7!, respectively. Similarly, the micropore structures
were also determined in the obtained M-100Fe@Fe,0O3 sam-

Table 1: Textural properties of FeoO3 and the as-prepared samples.

ples by examining the profiles of isotherms and pore size distri-
butions. Notably, the adsorbed amount of N, (Figure 5a) and
the pore volume of the three primary peaks (Figure 5b) exhib-
ited a gradual increase from M-100Fe@Fe,03#0.90 to
M-100Fe@Fe,0O3#2.25 samples. The BET surface area and the
total pore volume reached 858.9 m2-g~! and 0.451 cm3-g~! for
M-100Fe@Fe,03#0.90, respectively. Subsequently increasing
the H3BTC amount up to 1.80 g caused an improvement in
BET surface area to 1365.4 m2.g~! and total pore volume to
0.642 cm3-g~! for M-100Fe@Fe,05#1.80. There was a further
slight enhancement in the porosity of the obtained material
when increasing the H3BTC amount from 1.80 to 2.25 g, corre-
sponding to 1433.8 m2-g~! and 0.671 cm3-g~! for BET surface
area and total pore volume of M-100Fe@Fe,03#2.25, respec-
tively. Considering the trade-off between required H3BTC
amount and porosity of the obtained materials and within

Samples BET surface area (m2-g~") Total pore volume (cm3-g~1)
p-Fe,03 36.3 0.118
M-100Fe@Fe»>03#0.90 858.9 0.451
M-100Fe@Feo03#1.35 1065.1 0.526
M-100Fe@Fe»03#1.80 1365.4 0.642
M-100Fe@Feo03#2.25 1433.8 0.671
MIL-100(Fe) 1825.4 0772
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the scope of our investigation, M-100Fe@Fe,03#1.8 stands
out as the optimal sample, exhibiting a BET surface area of
1365.4 m?-g~!, which surpasses the values of 730 m2.g~! [26]
and 1244.6 m2-g~! [27] observed in MIL-100(Fe) samples pre-
pared from Fe3O,.
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Figure 5: (a) N, adsorption and desorption isotherms over Fe2Og,
MIL-100(Fe), and M-100Fe@Fe,O3 samples obtained at 77 K.

(b) Pore size distribution of M-100Fe@Fe2O3 and reference
MIL-100(Fe) samples calculated using the HK model.

Thermogravimetric analyses were performed on Fe,O3 and
M-100Fe@Fe,03 samples to confirm the presence of the
MIL-100(Fe) phase in the resulting materials and to estimate
the conversion of Fe,O3 into MIL-100(Fe) material. The TGA
profile of Fe,O3 (Figure 6) showed only a very small weight
loss in the investigated temperature range due to a small quanti-
ty of absorbed moisture in the sample. Contrarily, the TGA
profiles of M-100Fe@Fe,03#0.90, M-100Fe@Fe,05#1.35, and
M-100Fe@Fe,0O3#1.80 samples revealed similar mechanisms in
weight loss over a temperature range of 30 to 650 °C, coin-

ciding with three stages of weight loss observed in the refer-

Beilstein J. Nanotechnol. 2024, 15, 897-908.

ence sample MIL-100(Fe). Initially, the trapped molecules
(ethanol and water) inside the pore system were released at low
temperature around 100 °C. Subsequently, the ligands (water
and/or —OH ligands) connected to Fe sites of the iron oxo-clus-
ters were removed, leaving unsaturated metal sites inside the
framework. Finally, a significant weight loss (approx. 41.8%)
occurred due to the decomposition of the organic linkers in
the framework at high temperatures between 300 and 650 °C.
The process continued until the sample’s mass stabilized at
26.3 wt % of Fe,O3 at 600 °C [9,11,34]. As a result, the mass
percentage of MIL-100(Fe) was calculated to be 65.5% based
on the formula of MIL-100(Fe) (Fe30[CgH3(COO)3],) after
the removal of -OH and H,O at 300 °C. This result matches
with the value of 68.1% attained from the TGA profile of
MIL-100(Fe) at 300 °C. Similarly, at 600 °C, the mass
percentage of Fe,O3 reached 56.6%, 37.7%, and 34.5% for
the M-100Fe@Fe,03#0.90, M-100Fe@Fe,03#1.35, and
M-100Fe@Fe,03#1.80 samples, respectively (Figure 6).
As discussed, Fe,O3 was only partially converted into
MIL-100(Fe); hence, the obtained Fe,0O3 from TGA curves
included both Fe;O3 derived from M-100(Fe)@Fe,03 and the
original Fe,O3 reactant. Combining the obtained data from the
reference sample MIL-100(Fe), the mass percentages of Fe,O3
reactant were inferred to be 35.8%, 15.2%, and 6.6%,
corresponding to conversion rates of 36.7%, 59.6%, and 81%
for M-100Fe@Fe,03#0.90, M-100Fe@Fe,O3#1.35, and
M-100Fe@Fe,03#1.80 samples, respectively.

100
| |
90 1 _ -
1 !
80 - \
] ~_\ ~
£ 704 i K
» i ) A
» .
2 604——MIL-100Fe H |
Z |——M-100Fe@Fe,0,#2.25 —
'ga 50 {—— M-100Fe@Fe,0,#1.35 i
1——M-100Fe@Fe,0,#0.90 i
40— p-Fe,0, ! i
1 i 1
30 : ?

T T ; T T T T T i
100 200 300 400 500 600
Temperature (°C)

Figure 6: TGA curves of FeoO3, MIL-100(Fe), and M-100Fe@Fe»03
samples.

Figure 7 displays the oxidation states of Fe and O in both Fe,03
and M-100Fe@Fe,03#1.80 samples. In both cases, the Fe 2p

spectra feature two prominent peaks at approximately 710 and
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Figure 7: XPS spectra of FeoO3 and M-100Fe@Fe,O3#1.80 samples: (a) Fe 2p region and (b) O 1 s region.

725 eV, accompanied by two shoulder peaks at around 718 and
731 eV. These peaks were attributed to Fe(IIl), corresponding
to the Fe 2p3,, and Fe 2py; states, respectively [24,32]. Never-
theless, a substantial difference regarding the oxygen constitu-
ents was observed when examining the deconvoluted spectra of
O 1s in FepO3 and M-100Fe@Fe,03#1.80 samples. As shown
in Figure 7b, the O 1s spectrum of the Fe,O3 sample exhibits
two peaks, that is, a major peak at 530.1 eV standing for Fe—O

bonds and a minor peak at 532 eV assigned to oxygen-related

vacancies within the framework of Fe,O3 [35]. In contrast, the
O 1s spectrum of the M-100Fe@Fe,O3#1.80 sample was
composed of three peaks, namely, a major peak at 531.6 eV for
C=0 bonds and two minor peaks, one at 530.1 eV for Fe-O
bonds and the other at 533.5 eV for O-H bonds [32,36]. It is
noteworthy that Fe—O predominates in the Fe,Oj3 structure,
whereas in the M-100Fe@Fe,03#1.80 sample, the C=0
is predominant. This difference is due to the presence of O
atoms in the M-100Fe@Fe,O3#1.80 sample, which primarily
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correspond to bridges of benzene-1,3,5-tricarboxylate in the
MIL-100(Fe) framework.

CO4/N» separation performance

To evaluate the effectiveness of CO,/N, separation in the
as-prepared samples, the adsorption behavior of CO, and N
was investigated at pressures ranging from 0 to 100 kPa at
298 K. As exhibited in Figure 8, a series of the as-prepared
samples was arranged in the order of M-100Fe@Fe,03#0.90 <
M-100Fe@Fe,03#1.35 < M-100Fe@Fe,03#1.80 <
M-100Fe@Fe,03#2.25 < MIL-100(Fe) (reference sample) with
a gradual increment in adsorption capacity for both CO; and N,
due to the increasing BET surface area (Table 1). It is well
known that the MIL-100(Fe) framework contains an abundance
of active sites, including unsaturated metal sites, and —-OH and
free -COOH groups, which perhaps form adsorptive interac-
tions with CO, molecules [32]. Consequently, the samples
showed outstanding CO, uptake in comparison with N,. Addi-
tionally, in Figure 9, the CO,/N, separation performance of
samples is depicted through IAST prediction of the CO,/N,
adsorptive selectivity (Supporting Information File 1). These
predictions are based on a gas mixture containing 10% CO; and
90% Nj by volume at 298 K. As displayed in Figure 9, all sam-
ples showed high potential for CO,/N, separation at low pres-
sure; at higher pressures, the separation performance gradually
declined and reached plateau values. However, at the same bulk
pressure, the adsorptive selectivity for CO, over Nj of the
adsorbents increased gradually because of the rising BET
surface area resulting from an increase in the H3BTC amount
in the reaction system from 0.90 to 2.25 g. A similar trend
was observed in the porosity analysis when increasing the
H3;BTC amount from 1.80 to 2.25 g. It corresponds to a negli-
gible improvement in CO, uptake, changing from 1.10 to
1.18 mmol-g~! at 25 °C and 100 kPa. Taking into account the
balance between CO, adsorption performance and the quantity
of H3BTC consumed, M-100Fe@Fe,O3#1.80 stands out as
the preferred sample, exhibiting a CO, uptake capacity of
1.1 mmol-g~! and a CO,/N; selectivity of 18 at 25 °C and
100 kPa. These findings have been compared with the CO,
uptake capacities of MIL-100(Fe)-based adsorbents created
through different methods, as well as other MOFs and conven-
tional materials, all of which are detailed in Table S2 (Support-
ing Information File 1).

Isosteric enthalpy of CO» adsorption over
M-100Fe@Fe>O3#1.80 and its reusability
To explore the inherent relationship between the target gas
and the adsorbent, the adsorption behavior of CO, over the
M-100Fe@Fe,O3#1.80 sample was studied in a temperature
range from 5 to 35 °C. As observed in the isotherms in Figure

S1 (Supporting Information File 1), the CO, uptake was propor-
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Figure 8: Adsorption isotherms of M-100Fe@Fe>O3 and reference
MIL-100(Fe) samples at 298 K: (a) CO, adsorption isotherms, (b) N2
adsorption isotherms.
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samples for a mixture with 10% N2 and 90% CO, at 298 K.
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tional to the pressure and inversely proportional to temperature,
suggesting that adsorptive interactions based on physical bonds
took place between CO, molecules and M-100Fe@Fe,03#1.80
[31,37]. To support this assertion, the Clausius—Clayperon
equation was employed to determine the isosteric enthalpy of
CO, adsorption (Supporting Information File 1). As anticipated,
the capture of CO;, molecules using M-100Fe@Fe,03#1.80
releases approximately 20 to 17 kJ-mol~! when the CO, uptake
is increased up to 1.0 mmol-g~! (Figure 10). The obtained
results fall within the value range defined for the physisorption
regime [37,38], implying that a spent M-100Fe@Fe,03#1.80
sample could be easily refreshed under soft conditions for reuse,
thus, extending the material’s life cycle. To affirm this aspect, a
conservative trial of five cycles for CO, adsorption/desorption
was carried out at 298 K as shown in Figure 11. The CO,
uptake over the M-100Fe@Fe,O3#1.80 sample was maintained
in comparison with the fresh sample after the five cycles.

20.0

19.5 4

19.04

18.5 4

18.04

17.5 4

Isosteric heat adsorption (kJ mol ')

17.04

T T T T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0
-1

CO, uptake amounts (mmol g )

Figure 10: Enthalpy of CO5 adsorption over M-100Fe@FeO3#1.80
sample.

Conclusion

For the first time, a facile synthetic method was employed to
effectively fabricate MIL-100(Fe) from Fe,O3 using a typical
hydrothermal process. By adjusting the mass ratio between
Fe,03 and H3BTC in the reaction system, a continuous en-
hancement in the quality of the produced MIL-100(Fe) was
achieved. The optimal conditions for producing MIL-100(Fe)
material were determined to be 150 °C for 12 h, with a mass
ratio of 0.9/1.80 (g/g) for Fe;03/H3BTC, as a trade-off between
required H3BTC amount and BET surface area. This resulted in
an 81% conversion and a BET surface area of 1365.4 m2-g~!
for the M-100Fe@Fe,03#1.80 sample. Furthermore,
M-100Fe@Fe,03#1.80 demonstrated promising potential as an
adsorbent for CO,/N; separation, exhibiting a high CO, uptake
of 1.1 mmol-g~! and a CO,/N; selectivity of 18 at 25 °C and
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Figure 11: CO, adsorption/desorption isotherms over
M-100Fe@Fe,0O3#1.80 sample for five cycles at 298 K.

100 kPa. Importantly, it retained a significant CO, adsorption
capacity even after five reuse cycles. The use of Fe,0O3 in
conjunction with an ecologically benign technology offers a
new pathway for producing MIL-100(Fe), potentially utilizing a
cheap and readily accessible raw material source from the iron
and steel industry, thereby reducing production cost.

Supporting Information

Procedure to preparation of reference MIL-100(Fe).
Langmuir-Freundlich model and the calculated
IAST-CO,/N, selectivity equations. The
Clausius—Clayperon equation for calculating CO, heat
adsorption. The characteristic parameters alongside
correlation coefficients from fitting the
Langmuir-Freundlich model (Table S1). CO, uptake
capacity on various adsorbents at 1 bar (Table S2). CO,
isotherms at several different temperature on
M-100(Fe) @Fe,03#1.80 sample (Figure S1). EDX
mapping of elemental Fe and C on the
M-100Fe@Fe,03#1.80 sample (Figure S2).

Supporting Information File 1

Additional experimental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-15-74-S1.pdf]
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