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Abstract

This study focuses on the synthesis of Fe-MOF/COF (metal-organic framework/covalent organic framework) materials for
methane adsorption. The synthesis process involves several steps, starting with the preparation of MIL-100(Fe) through the
reaction of trimesic acid and iron(III) nitrate nonahydrate. MIL-100(Fe)_NH, is then synthesized by combining MIL-100(Fe)
with ethylenediamine, followed by the synthesis of MIL-100(Fe)/COF through the addition of melamine, terephthalaldehyde,
and dimethylsulfoxide. A definitive screening design and mixture method are employed to optimize the synthesis process by
determining the influential factors and their respective ratios. The nitrogen content of samples is used as the response variable,
and the optimized precursor molar ratio for MIL-100(Fe)/COF synthesis is estimated. From the main effect plots, TPA has the
lowest effect on the response. The estimated actual precursor ratio for the optimized synthesis of MIL-100(Fe)/COF is MIL-
100(Fe)_NH,:TPA:MEL:DMSO:DIW =1 mol:13 mol:10 mol:1884 mol:1648 mol. For the methane adsorption, the response
optimizer indicated that MIL-100(Fe)/COF synthesized with a modified molar ratio of 0.1:0.4:0.5 (MEL:DMSO:DIW) was

expected to exhibit the highest value.
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Introduction

Methane adsorption, the process of capturing and storing
methane molecules onto a solid material, has gained signifi-
cant interest in recent years due to its relevance in energy
storage, natural gas purification, and environmental sustaina-
bility. Methane, as the primary component of natural gas and
a potent greenhouse gas, presents both economic and envi-
ronmental challenges [1, 2]. Efficient and selective methane
adsorption materials are crucial for its storage, transporta-
tion, and utilization. The development of advanced materi-
als for methane adsorption has been driven by the need for
efficient energy storage and the mitigation of methane emis-
sions. These materials are designed to possess high methane
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uptake capacities, strong adsorption affinities, and excellent
selectivity towards methane molecules. By adsorbing meth-
ane onto solid substrates, it can be effectively stored at lower
pressures and higher densities, enabling more practical and
economical storage solutions. Various classes of materi-
als have been explored for methane adsorption, including
porous materials such as MOFs, activated carbons, zeolites,
and porous polymers [3-9]. These materials exhibit unique
structural features, such as high surface areas, well-defined
pore sizes, and tailored surface chemistries, which allow for
efficient methane capture.

Iron-based metal-organic frameworks (Fe—MOFs) have
emerged as a fascinating class of materials with remarkable
properties and diverse applications. Fe-MOF:s are a specific
subset of MOFs in which iron ions or clusters are incor-
porated into the framework structure along with organic
ligands. These materials exhibit a unique combination of
characteristics, including high porosity, tunable pore size,
and exceptional chemical stability [10—12]. The incorpora-
tion of iron in Fe-MOFs imparts additional functionalities
such as redox activity, magnetic properties, and catalytic
capabilities, expanding their potential applications in vari-
ous fields [13—15]. Fe—-MOFs offer a large surface area and
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pore volume, providing ample space for guest molecules
adsorption, gas storage, and separation processes. Their
porous nature allows for precise control over pore size and
shape, enabling selective adsorption and separation of spe-
cific target molecules. This feature makes Fe—-MOFs highly
desirable for applications such as gas storage, carbon cap-
ture, and purification of gases and liquids. Fe-MOFs can be
synthesized through different methods, including solvother-
mal and hydrothermal synthesis techniques. One prominent
member of the Fe-MOF family, MIL-100(Fe), has garnered
significant attention due to its extensive investigation and
promising prospects across various applications [16—18].
MIL-100(Fe) has demonstrated exceptional capabilities
in gas adsorption, particularly for molecules such as car-
bon dioxide, hydrogen, and methane. Its outstanding per-
formance in capturing and storing these gases makes it an
attractive candidate for applications related to gas separa-
tion, storage, and environmental sustainability.

Recently, MOFs and COFs have garnered significant
attention due to their distinct characteristics and wide-rang-
ing potential applications across various fields [19]. MOFs
consist of metal ions or clusters interconnected by organic
ligands, resulting in a three-dimensional framework with
a substantial surface area and pore volume [20-23]. Con-
versely, COFs are comprised of organic molecules linked
together through covalent bonds, yielding a crystalline struc-
ture with precisely defined pores [24, 25]. Both MOFs and
COFs have demonstrated promising capabilities in diverse
areas such as gas storage and separation, catalysis, sens-
ing, and drug delivery [26-29]. Moreover, in the context of
sustainable development, researchers are actively exploring
the capacity of MOFs and COFs to address environmental
challenges like carbon capture and water purification.

Enhancing the synthesis process of Fe—-MOF/COF mate-
rials to facilitate their commercial viability as effective
adsorbents across various industries holds significant prom-
ise. Nevertheless, the optimization of the synthesis process
presents a considerable challenge due to the diverse nature
of Fe-MOF/COF and the growing complexity of involved
precursors. Conventional trial and methods face drawbacks
in terms of time and cost, demanding a large number of
experiments. To address these challenges, leveraging appro-
priate statistical Design of Experiments (DOE) emerges as
a promising solution. This involves tailoring an experimen-
tal method to specific objectives and planning experiments
strategically to extract maximum information with minimal
trials through statistical analysis and data processing. Vari-
ous DOE methods, such as factorial, response surface, mix-
ture, and Taguchi methods, have been developed [30-34].
While conventional DOE methods have traditionally been
employed for simple process analysis or quality control
in industrial settings, recent advancements have extended
their application to analyze and optimize complex processes.

@ Springer

Sequential designs of experiments enable the systematic
selection of crucial factors and their optimization, provid-
ing a more efficient and insightful approach.

In this study, two consecutive Design of Experiments
(DOE) methodologies were implemented to assess the syn-
thesis processes of MIL-100(Fe)/COF. Initially, a screening
method was employed to identify significant precursors for
the synthesis. Subsequently, a mixture method was applied
to optimize the ratios of these precursors. The outcomes
of the DOE analysis were corroborated through meth-
ane adsorption, confirming the efficacy of the proposed
approach. By incorporating statistical DOE methods into
the optimization of MIL-100(Fe)/COF synthesis, this study
seeks to overcome the limitations associated with traditional
trial-and-error approaches. The integration of DOE not only
alleviates the research burden related to optimization but
also yields informative results for achieving synthesis pro-
cesses that are both efficient and cost-effective. The suc-
cessful optimization of MIL-100(Fe)/COF synthesis holds
substantial promise for their extensive utilization as valuable
adsorbents across diverse industries.

Experimental

MIL-100(Fe)/COF Synthesis

Trimesic acid, iron(II) nitrate nonahydrate, distilled water,
ethylenediamine, melamine (MEL), terephthalaldehyde
(TPA), and dimethylsulfoxide (DMSQ) were procured from
Sigma-Aldrich. Ethanol was obtained from Samjeon Chemi-
cal (Korea). These chemicals were used without any further
purification. Trimesic acid and iron(III) nitrate nonahydrate
were added to distilled water and stirred for 10 min. The
molar ratio of precursors is 0.42:0.27:0.32. The resulting
mixture was then transferred to autoclave and reacted at
160 °C and 12 h. Subsequently, MIL-100(Fe) was obtained
by filtering the mixture solution, followed by washing with
distilled water and ethanol. The obtained material was dried
at 80 °C in oven. For preparation of MIL-100(Fe)_NH,,
MIL-100(Fe), ethylenediamine, and ethanol were added in
a round-bottom flask. The mixture underwent a reflux reac-
tion at 80 °C for 12 h while being mixed using a heated
magnetic stirrer. The resulting mixture was filtered, washed
with ethanol, and dried at 80 °C to obtain MIL-100(Fe)_
NH,. After, MIL-100(Fe)_NH,, melamine, terephthalalde-
hyde, dimethylsulfoxide, and distilled water were stirred for
10 min. The amount of each reagent was adjusted according
to the concentration ratio determined by the design methods.
The mixture was then transferred to autoclave and reacted
in an oven at 180 °C for 12 h. After the reaction, the final
product was obtained by filtration, followed by washing
with ethanol, and drying at room temperature, resulting in
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the formation of MIL-100(Fe)/COF material. The chemical
structure of MOF/COF is a reticular structure consisting of
C;N;Hg rings from melamine and benzene from terephthala-
ldehyde covalently bonded to MIL-100 with N as the bridge.

Characterization

The materials were characterized using a powder X-ray
diffractometer (Shimadzu XRD-6000, Japan) operating at
40 kV and 30 mA with Cu Ka (4=0.15418 nm) radiation
to determine the crystal structure and crystallinity. Fourier
transform infrared spectra were measured using an infrared
spectrometer (Thermo Fisher Scientific iS50, USA), cover-
ing a range of 4000 to 400 cm™'. The samples were mixed
with KBr to form pellets for the measurements. The sample
images were confirmed using scanning electron microscopy
(JEOL, JSM-6700 F). The C, H, N, S elemental analysis of
the sample was performed at 950 °C using a Thermo Sci-
entific elemental analyzer (FLASH EA 1112, USA) with
sulfamethazine (C: 51.8%, H: 5.1%, N: 20.1%, S: 11.5%)
as a standard.

Design of Experiments

All statistical analyses were conducted using Minitab 21
software. The Assistant DOE comprises a subset of the DOE
features found in the core Minitab, employing a sequential
experimentation approach that streamlines the creation and
analysis of designs. It initiates by screening designs to pin-
point crucial factors. Subsequently, more detailed designs
are introduced to detect curvature and establish a conclusive
model for identifying optimal factor settings that optimize
the response.

Methane Adsorption

Prior to methane adsorption, the adsorbent sample under-
went activation in a helium atmosphere at 150 °C for 2 h.
The methane breakthrough test was conducted using a stain-
less-steel tube at 1 atm and 3 atm. In each experimental run,
20 mg of the adsorbent was loaded into the bed. Methane
gas, with a balanced air concentration of 1000 ppm (0.1%),
was passed through the fixed bed at a flow rate of 100 mL/
min. Gas chromatography (YL6500GC, Younglin Co., Ltd.,
Korea) equipped with flame ionization detectors was used
to analyze the toluene. The column used was BR-5 (Bruker,
capillary 30 m X 0.25 mm), and the oven temperature
was maintained at 200 °C throughout the analysis. Break-
through curves were used to investigate the performance of
the adsorbent for methane. The adsorption capacity (q) was
calculated as the total mass of toluene adsorbed (mg/g) per
unit weight of MIL-100/COF. It was calculated by the fol-
lowing formula:

g= %o /tr <1 - %>dt,
m 0 Cin

where C;, and C, were influent and effluent concentrations
of methane (mg/m?). Q was the volumetric flow rate (m?/
min), m was the total mass of MIL-100/COF (mg) and ¢,
(min) was the time to reach saturation.

Results and Discussion
Characterization

Figure la displays the XRD patterns for both the MIL-
100(Fe) synthesized in this study and the theoretical MIL-
100(Fe). The XRD analysis reveals that the experimentally
synthesized MIL-100(Fe) exhibits peaks (20=4.91°, 6.00°,
6.35°,6.90°,10.31°, 11.07°, 12.62°, 14.32°,20.17°, 24.18°)
that align with the theoretically calculated peaks. This result
confirms the successful formation of well-defined Fe-MOF
crystals [36]. The XRD patterns for MIL-100(Fe)_NH,
and MIL-100(Fe) @COF are illustrated in Fig. 1b. It is evi-
dent that the crystallinity of both MIL-100(Fe)_NH, and
MIL-100(Fe) @COF lacks distinct peaks compared to MIL-
100(Fe). In the XRD pattern of MIL-100(Fe)_NH,, peaks
are detected around 8° and 11°, while a peak is formed
around 21° in the XRD pattern of MIL-100(Fe) @COF. The
result is probably related to the overlap of XRD peaks of
MIL-100(Fe) and MIL-100(Fe)@COF, and the correspond-
ing COF and MOF peaks were well observed with short
tentacles and wide spikes.

Figure 2 illustrates the FT-IR spectra of the MIL-100(Fe),
MIL-100(Fe)_NH, and MIL-100(Fe)/COF samples, provid-
ing experimental evidence for the bonding of the synthesized
materials. In the FT-IR spectrum of MIL-100(Fe), several
spectral peaks can be observed. The peaks at 3380 cm™!
indicate the O-H stretching vibration of the adsorbed water
molecules, while the peak at 1704 cm™! corresponds to the
C=0 bond of the unreacted raw material BTC [35]. Addi-
tionally, the asymmetric stretching vibrations of COO- are
visible at 1625 and 1571 cm™, and the symmetric stretching
vibrations of COO- are observed at 1442 and 1371 cm™.
These peaks indicate the presence of COO- groups [35].
Furthermore, the bending vibration of the C—H bond in
the benzene ring is identified at 760 and 711 cm~', and the
stretching vibration of Fe—O is detected at 484 cm™! [35].
In the FT-IR graph of MIL-100(Fe)_NH,, a new spectral
peak is observed in the range of 3250-3300 cm™!, indicating
the stretching vibration of N—H originating from the amino
group. The C—H stretching vibration of ethylenediamine
(EDA) is identified at 2942 cm™'. Furthermore, C—N stretch-
ing vibrations are visible at 1350 cm™! and 1200 cm™', and
a bending vibration peak of N-H is observed at 815 cm™".
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Fig. 1 XRD patterns of a simulated and as-synthesized MOF-100(Fe)
and b MIL-100(Fe)_NH, and MOF-100(Fe)/COF

These findings suggest that EDA is grafted on the surface
of MIL-100(Fe). The presence of these peaks confirms the
bonding interactions [35-37]. In the FT-IR spectrum of
MIL-100(Fe)/COF, distinctive peaks can be observed. The
N-H stretching vibration peak is identified at 3408 cm™!,
and the C—H stretching vibration is observed at 2900 cm™!

Additionally, the C=N, C=C, and C-N bonds are detected
at 1552, 1483, and 1354 cm™’, respectively [36]. A char-
acteristic peak of C-N stretching vibration is observed at
1196 cm™. The bending vibration of N-H is also identified
at 814 cm™!. The FT-IR analysis confirms the existence of
C-N and C=N bonds in MIL-100(Fe)/COF, and the nitro-
gen content of the sample is subsequently used as a reaction
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Fig.2 FT-IR spectra of MOF-100(Fe), MIL-100(Fe)_NH, and MOF-
100(Fe)/COF
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Fig.3 N, adsorption—desorption isotherms of MOF-100(Fe), MIL-
100(Fe)_NH, and MOF-100(Fe)/COF (closed symbol: adsorption,
open symbol: desorption)

response in the experimental plan for optimizing the synthe-
sis of MIL-100(Fe)/COF.

The isotherm graph obtained from nitrogen adsorption
and desorption measurements was presented in Fig. 3 to
evaluate the structural properties of the synthesized sample.
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The isotherm curve of MIL-100(Fe) exhibited type I behav-
ior, which is commonly observed in adsorption processes
governed primarily by physical forces like van der Waals
interactions. This type of isotherm is frequently observed
in microporous materials such as activated carbon, zeolites,
and specific MOFs. On the other hand, MIL-100(Fe)/COF
displayed a type II isotherm curve, indicating unrestricted
monolayer—multilayer adsorption. The arrow marking the
commencement of the nearly linear middle section of the
isotherm often indicates the completion of monolayer cov-
erage and the onset of multilayer adsorption. This charac-
terization provides valuable insights into the properties of
the two substances. The MIL-100(Fe) sample displayed a
BET surface area of 1068 m?/g and a pore volume of 0.76
cm3/g. In contrast, MIL-100(Fe)_NH, showed a signifi-
cantly reduced BET surface area of 16 m%/g and a much
smaller pore volume of 0.003 cm?/g. On the other hand,
MIL-100(Fe)/COF exhibited an increased BET surface area
of 220 m%/g and a larger pore volume of 0.36 cm?/g due to
the formation of COF structure.

FE-SEM images were acquired to confirm the shape of
materials. Figure 4 displays the FE-SEM images of the MIL-
100(Fe), MIL-100(Fe)_NH,, and MIL-100(Fe)/COF sam-
ples. The crystalline morphology of MIL-100(Fe) reveals
the presence of crystals ranging in size from 200 to 800 nm.
In the MIL-100(Fe)_NH, image, NH, groups bonded to the
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NH, and ¢ MOF-100(Fe)/COF
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particle surfaces can be observed within the 200-800 nm
size range. In the FE-SEM image of MIL-100(Fe)/COF,
agglomerated crystalline particles with a uniform size of
50 nm are noticeable. Furthermore, the FE-SEM images
confirms that the smooth pure MIL-100(Fe) structure signif-
icantly changes due to the loading of the COF on the MIL-
100(Fe) surface. The FE-SEM images of MIL-100(Fe)/COF
show that the COF is well-dispersed on the MIL-100(Fe)
surface. The MIL-100(Fe)/COF surface tends to be rougher
after the insertion of the COF on MIL-100(Fe) and had an
effect on the MIL-100(Fe) structure.

Definitive Screening Design

Definitive screening design was employed to identify the
influential factors in the synthesis of MIL-100(Fe)/COF.
The precursors used in the MIL-100(Fe)/COF synthesis,
namely MIL-100(Fe)_NH,, TPA, MEL, DMSO, and DIW,
were included in the definitive screening design. Table 1
presents the five factors considered, each designed with
three levels. To facilitate the design process, a modified
molar ratio was utilized since the molar numbers of the
other four precursors were significantly larger compared
to MIL-100(Fe)_NH,. MEL and TPA were divided by
10, while DMSO and DIW were divided by 1000. For
the actual synthesis, the experimental conditions were

1
(, L

SEI 10.0kV X100,000 100nm WD 6.2mm
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Table 1 Factor and level for definitive screening design

Factor Level

Low Middle High
Fe-MOF-NH, 01lg 02¢g 03g
Terephthalaldehyde 03g 05¢g 07¢g
Melamine 03g 05¢g 0.7¢g
Dimethylsulfoxide 15mL 25mL 35mL
Distilled water 3mL SmL 7 mL

determined by multiplying the design values by the respec-
tive divided numbers. The definitive screening design was
executed based on the modified molar ratios within the
range specified in Table 1. This design resulted in 13 dif-
ferent experimental conditions. The synthesis of MIL-
100(Fe)/COF was conducted at a constant reaction tem-
perature of 180 °C for 12 h, adhering to the strain molar
ratios derived from the design.

To assess the impact of the five factors (molar ratio
modifications) on the elemental nitrogen content
(response), main effect plots were generated and are
depicted in Fig. 5. Main effect plots are useful for examin-
ing the disparity in response means among different levels
of a factor and determining the presence of a main effect
when the response is influenced by varying levels of a fac-
tor. The main effect plots illustrate the response means for
each level of a factor connected by a line. A non-horizontal
line indicates the presence of a main effect, and the steep-
ness of the slope indicates the magnitude of the effect.
From the main effect plots in Fig. 5, it is evident that TPA
has the lowest effect on the response.

Mixture Method

Mixture design approach was employed to optimize the
concentration of the synthetic precursors (MEL, DMSO,
and DIW) identified as the main factors in the previous
screening design. MIL-100(Fe)_NH, and TPA were held
constant at 0.1 and 0.25 g, respectively. To facilitate the
experimental planning, the precursor molar ratios were
modified to mitigate the differences in molarity between
the precursors. DMSO and DIW were assigned modified
molar ratios by dividing them by 100 and 50, respectively.
During the actual synthesis, these values were multiplied
by the respective divided numbers. An extreme vertices
design (EVD) methodology, which introduces additional
constraints to the design to account for non-uniform pre-
cursor ratio ranges, was utilized. Not all precursor ratios
have the same range, so the design ranges were determined
based on the molar concentrations of the precursors and
are presented in Table 2. The analysis was performed
using the nitrogen concentration of the synthesized mate-
rial as used in the definitive screening design. Table 3
displays the results of the statistical treatment of the mix-
ture design using analysis of variance (ANOVA). A reli-
able model has an R-square value greater than 0.6 in the
regression analysis. In this case, the calculated R square
value was 0.693, confirming the reliability of the model.
Additionally, a smaller P value indicates a better fit of the
model. The low P value of 0.082 confirms the statistical
significance of the regression model.

Figure 6 illustrates the trajectory of the Cox reaction,
representing the effect of changing the ratio of one com-
ponent while maintaining the mixture components at a
constant ratio. The trajectory for DIW exhibits the steepest

Main Effects Plot for N (%)
Fitted Means

40 MIL100-NH2 MEL TPA DMSO DIW
\,\ Y, \
—_ N\ /
X 38 AN / N
S N\
z AN / - ) \\
5 / T " AN
C \\ / \\\\ T N\
5 36- \ p ~— ’_// \\
s \ // .
\ ) \
\\ / V4 \
347 N / \
\\ V4
T T T T T T T T T T T T T T T
-0.5 0.0 05 -0.5 0.0 0.5 -0.5 0.0 0.5 -20 0 20 -5 0 5

Fig. 5 Main effects plot for nitrogen contents of MOF-100(Fe)/COF synthesized with various synthesis conditions designed by definitive screen-

ing design
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Fig.6 Cox response trace plot
of Nitrogen content of MOF-

Cox Response Trace Plot

100(Fe)/COF based on precur-

.. 35.51
sor composition

35.04
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Comp:RefBlend
— MEL 0.4167
DMSO 0.3167
DIW 0.2667
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Table 2 Bounds of mixture components for mixture design

Factor Proportion

Lower Upper
Melamine 0.2 0.6
Dimethylsulfoxide 0.1 0.5
Distilled water 0.1 0.4

and rightward slope, indicating that the strain molar ratio of
DIW has the greatest impact on the reaction response. The
mixture contour plots in Fig. 7 depict the nitrogen content
of the MIL-100(Fe)/COF samples synthesized according to
the strain molar ratio of the three main factors. A smaller
MEL-to-DMSO ratio and a higher amount of DIW result
in higher nitrogen content in the reaction. The optimal pre-
cursor molar ratio was predicted to be located in the lower

right region of the mixture contour, suggesting that the opti-
mal modified molar ratio for MIL-100(Fe)/COF synthesis
is MEL:DMSO:DIW =0.2:0.4:0.4. Consequently, based on
this study, the estimated actual precursor ratio for the opti-
mized synthesis of MIL-100(Fe)/COF is MIL-100(Fe)_NH,
:TPA:MEL:DMSO:DIW =1 mol: 13 mol:10 mol:1884 mol:
1648 mol.

Methane Adsorption

Adsorption capacity measurements were conducted on
7 randomly selected adsorbents from the 13 conditions
obtained from the previous mixture design to evaluate their
methane adsorption performance. Figure 8 displays the
mixture contour plots illustrating the adsorption capacity
of the synthesized MIL-100(Fe)/COF samples at different
precursor mol fractions. Surprisingly, the results obtained

Table 3 Analysis of variance

; . Source DF Seq SS Adj SS Adj MS F value P value
(ANOVA) for mixture design

Model 5 6.7603 6.7603 1.3521 3.17 0.082
Linear 2 4.6444 2.7481 1.3741 3.22 0.102
Square 3 2.1159 2.1159 0.7053 1.65 0.263
MEL*DMSO 1 0.2127 0.1317 0.1317 0.31 0.596
MEL*DIW 1 0.306 1.5854 1.5854 3.71 0.095
DMSO*DIW 1 1.5973 1.5973 1.5973 3.74 0.094
Error 7 2.9874 2.9874 0.4268

Total 12 9.7477

R square (Rz)
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Fig.7 Mixture contour plot

of nitrogen content of MOF-
100(Fe)/COF synthesized with
various modified mole fraction
of precursors

Fig. 8 Mixture contour plot of
methane adsorption capacity of
MOF-100(Fe)/COF synthesized
with various modified mole
fraction of precursors. The
adsorption experiments are
performed at 1 atm and 25 °C
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from methane adsorption capacity and nitrogen content were  using the experimental design method, eliminating the need
remarkably similar. In fact, the correlation between the two  for actual adsorption experiments. The methane adsorption
datasets was calculated, resulting in an R-squared value of =~ was carried out at 3 atm under the same conditions to inves-
0.91. This indicates that analyzing the nitrogen concentra-  tigate the effect of adsorption performance over different
tion of the adsorbents can predict their adsorption capacity ~ adsorption conditions. The adsorption capacity increased
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by 34% on average compared to that performed at 1 atm.
However, the trend of the adsorption capacity for the ratio
of the three components was almost similar (not shown).
The optimum molar ratio for MIL-100(Fe)/COF synthesis
was determined using the response optimizer tool, which
demonstrates the influence of different experimental settings
on the predicted responses. The response optimizer indicated
that MIL-100(Fe)/COF synthesized with a modified molar
ratio of 0.1:0.4:0.5 was expected to exhibit the highest value,
aligning with the predicted value based on nitrogen analysis.

Conclusions

In conclusion, the field of methane adsorption has garnered
significant attention due to its importance in energy storage,
natural gas purification, and environmental sustainability.
The development of efficient and selective adsorption mate-
rials is crucial for the storage and utilization of methane.
Among the various materials investigated, metal—organic
frameworks and covalent organic frameworks have
emerged as promising candidates for methane adsorption.
In particular, Fe-MOFs, a subset of MOFs, exhibit desir-
able properties such as high porosity, tunable pore size, and
exceptional stability, making them highly attractive for gas
storage and separation applications. However, the synthesis
of MIL-100(Fe)/COF materials has traditionally relied on
trial-and-error methods, which can be time-consuming and
inefficient. This study addresses this limitation by employ-
ing statistical design of experiments to optimize the syn-
thesis of MIL-100(Fe)/COF materials. Two DOE methods,
screening and mixture, were utilized to identify significant
precursors and optimize precursor ratios, streamlining the
synthesis process. The resulting MIL-100(Fe)/COF materi-
als were characterized using X-ray diffraction and Fourier
transform infrared spectroscopy to assess their structural
and chemical properties. Furthermore, methane adsorption
experiments were conducted to validate the effectiveness
of the optimized synthesis approach. For methane adsorp-
tion, the optimal MEL:DMSO:DIW ratio for MIL-100(Fe)/
COF is 0.1:0.4:0.5. The successful optimization of MIL-
100(Fe)/COF synthesis demonstrated in this study holds
great promise for their widespread application as valuable
adsorbents in various industries, such as energy storage,
natural gas purification, and environmental remediation.
Overall, the integration of statistical DOE methods with the
synthesis of MIL-100(Fe)/COF materials represents a sig-
nificant advancement in the field, offering a more systematic
and efficient approach for the development of adsorption
materials. The enhanced performance and controllability

achieved through this optimization process pave the way for
further advancements in methane adsorption and utilization,
contributing to the sustainable energy and environmental
landscape.
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