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This study synthesized a hybrid COF@MOF nanocomposite combining metal-organic and
covalent organic frameworks to enhance CO»/CHa4 adsorption. An amine-functionalized
COF was hydrothermally synthesized to boost selectivity and capacity. Characterization
via XRD, SEM, FTIR, and BET analysis confirmed the nanocomposite's structure and
high surface area. Adsorption tests under controlled temperature (25-70°C), pressure (0.2—
1 bar), and gas concentrations (100 ppm CO2, 25,000 ppm CHa4) followed a Taguchi L9
orthogonal array. Results revealed pressure-dependent adsorption (direct relationship)
and temperature-dependent desorption (inverse relationship), with CO: uptake further
enhanced by amine-CO: acid-base reactions and increased surface area. The process
adhered to the Freundlich isotherm, indicating multilayer adsorption. Remarkably, 10
consecutive adsorption-desorption cycles showed <5% efficiency loss, demonstrating
exceptional reusability. This work highlights COF@MOF as a high-performance, stable
adsorbent for industrial GHG capture, achieving optimized conditions through systematic
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Taguchi-ANOVA analysis while minimizing experimental runs.

EIE; & How to cite this paper:

s

=&

10.22034/ewe.2024.463604.1943

Ghasemian, M. M. , Pardakhti, A., & Zahed, M. A. (2025). Separation of CO, from CH, by synthesis hybrid
of metal-organic frameworks and covalent-organic frameworks. Environ. Water Eng., 11(2), 97-106. doi:

1. Introduction

The U.S. Energy Information Administration (EIA) has
predicted that with the ongoing industrialization of countries,
global energy demand will significantly increase by
approximately 50% between 2005 and 2030. This substantial
growth is particularly evident in the consumption of natural
gas, with global consumption of this fossil fuel expected to rise
from 95x10° ft* in 2003 to 182x10° ft® by 2030 (Lopez-
Magano et al.,, 2020). Methane (CH4), as the primary
constituent of natural gas (comprising about 75 to 90%), plays
a key role in this rise in consumption (Li et al., 2024). In
addition to CHa, natural gas contains significant amounts of
ethane, propane, butane, and 1 to 3% of other hydrocarbons.
The extracted natural gas also contains several pollutants,
including carbon dioxide (CO.), hydrogen sulfide (H.S), and
carbon monoxide (CO), all of which present considerable
environmental hazards (Wang et al., 2023). CO», due to its
acidic properties, is highly corrosive and can rapidly damage

pipelines and equipment (Cardoso et al., 2022). Furthermore,
CO; reduces the calorific value of natural gas flows and causes
crystallization during the natural gas liquefaction process
(Shen et al., 2023).

The primary factor contributing to the emission of greenhouse
gases is the consumption of fossil fuels. CO, is one of the
significant components in Earth's atmosphere because it
absorbs infrared radiation at wavelengths of 4.26 pum and
14.99 um, leading to the greenhouse effect (Li et al., 2024).
This gas is one of the major greenhouse gases that contribute
to climate change and global warming (Wang et al., 2023).
Controlling CO emissions is a critical issue in managing
greenhouse gases. To reduce CO; emissions into the
atmosphere, three approaches are available: reducing energy
consumption, decreasing carbon concentration, and enhancing
CO, separation (Luo et al., 2022). The concentration of CO> in
natural gas can vary between 4% and 50%, depending on the
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source (Zhu et al., 2024). The goal of CO, separation is to
capture this gas from sources with suitable concentrations for
transportation and utilization. CO, separation from gas
mixtures is of significant industrial importance. For example,
in the production of ammonia and hydrogen from hydrocarbon
feedstocks or coal, CO; separation from syngas is a crucial step
(Wang et al., 2023).

Another application of this technology is in the natural gas
purification process, where CO; and other acid gases (H-S and
mercaptans) are separated from natural gas. CO; separation
from CHy is significant in various industries, such as natural
gas purification and greenhouse gas recycling (Liu et al.,
2024).

The adsorption of CO; and its separation from CHs in porous
materials is a highly efficient and effective method for CO-
capture and sequestration (Mudoi et al., 2022). Today, various
gas separation processes have been developed, but surface
adsorption technology has gained more importance due to its
lower energy consumption, operational simplicity, and distinct
applications in industry. In adsorption, a porous solid is used
to create a large adsorption surface. The higher the specific
surface area and the porosity volume of the adsorbent, the
greater its adsorption capacity (Wang et al., 2023; Ma et al.,
2017).

Among the porous nanostructured adsorbents that have
attracted significant attention for gas adsorption, zeolites (Jin
et al., 2023), activated carbon (Chouikhi et al., 2019), carbon
nanotubes, mesoporous silica (Toprak et al., 2023), metal-
organic frameworks (MOFs), and covalent organic
frameworks (COFs) are notable examples (Li et al., 2023;
Yang et al., 2022).

Framework materials, including metal-organic frameworks
(MOFs) and covalent organic frameworks (COFs), have
attracted significant attention due to their widespread
applications in various fields such as adsorption (Petit, 2018),
catalysis (Bieniek et al., 2021), biomedicine (Yang et al.,
2023), and sensing (Zhao et al., 2022). Among these materials,
MOFs are particularly notable because they are coordination
compounds consisting of organic ligands and metal ions (or
clusters), which offer richer properties and more designable
structures (Meskher et al., 2023). Unlike zeolites and
aluminum phosphates, MOFs stand out as crystalline porous
materials, but what differentiates them is their classification as
hybrid organic-inorganic compounds rather than purely
inorganic ones. At the same time, COFs are introduced as new
carbon-based porous nanomaterials with various structures
and diverse bonding strengths, either through covalent bonds
or weak interactions. The integration of COFs with various
functional materials, such as metal oxides, metal
nanoparticles, carbon-based materials, silica, quantum dots,
and similar substances, opens up the potential for creating
novel COF-based composites (Krishnakumar et al., 2022).
This integration provides opportunities for developing
advanced materials with enhanced properties and capabilities,
making COF-based composites a hot topic in research.
Overall, both MOFs and COFs continue to contribute
significantly to advancements in materials science, offering a

broad range of applications and fostering the development of
innovative technologies in various fields (Jia et al., 2023).

Novel materials based on MOFs and COFs have garnered
significant attention from researchers due to their exceptional
capabilities in gas adsorption and separation. MOFs and COFs,
with their high specific surface area, tunable porosity, and the
possibility of chemical modifications, have been identified as
promising materials for gas capture and separation. However,
each of these materials has its specific strengths and
weaknesses, and combining them in a hybrid form can
improve the efficiency and stability of the separation process
(Liu et al., 2024). Scientists believe that the solution to
environmental challenges may lie in the next generation of
MOFs, COFs, and their nanocomposites. In general, the use of
nanoscale adsorbents can significantly enhance the efficiency
of the gas adsorption process (Wang et al., 2023). MOF@COF
nanocomposites, in addition to possessing many of the
desirable properties of conventional adsorbents (such as
activated carbon), have attracted researchers' interest due to
their unique characteristics, such as extremely high surface
area, low density, excellent thermal and chemical stability,
uniform and size-controlled pores, and high porosity (Sharma
and De, 2022).

Given the challenges involved in CO; separation from CH, and
the need for the development of higher-performance materials,
research has increasingly focused on the design and synthesis
of hybrid MOFs and COFs. These hybrid materials can
combine the unique characteristics of both types of materials,
offering better performance in gas adsorption and separation.
However, studies that comprehensively investigate the
performance and mechanisms of these hybrid materials in CO;
separation from CHg are still in the early stages. Therefore, this
paper examines and analyzes the synthesis and performance of
hybrid MOFs and COFs in CO; separation from CH, and aims
to provide solutions for improving efficiency and reducing the
costs associated with this process through the use of these
materials.

2. Materials and Methods

For the synthesis of this nanocomposite, MOF-199 was chosen
due to its reasonable cost, readily available starting materials,
and suitable physical and chemical properties. To enhance the
adsorption capacity and selectivity of this MOF, it was
composite with amine-functionalized COF. The synthesized
adsorbents were characterized using various techniques,
including XRD, FT-IR, BET, TGA/DTA, and SEM. The
efficiency of these adsorbents in removing CO; and CH, was
evaluated by determining experimental conditions, such as
adsorption temperature, adsorption pressure, inlet pollutant
gas concentration, and adsorbent mass. The number and
conditions of the experiments were based on the initial
experimental design. The Langmuir and Freundlich isotherms
were used to determine the equilibrium adsorption isotherms.
Additionally, experiments were conducted to evaluate the
reusability of the adsorbents. To ensure the accuracy of the
results, each experiment was repeated three times under
similar conditions, and the measurements were recorded.
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2.1 Synthesis
2.1.1 Synthesis of MOF

For the synthesis of MOF-199, a hydrothermal method was
employed. To begin, 1.76 g of 5,3,1-tricarboxylic acid and
2.85 g of Cu(NOs3)2-3H20 were dissolved in an equal mixture
of 30 ml of ethanol and 30 ml of distilled water. The resulting
mixture was stirred for 15 min. Then, the solution was
transferred into an autoclave and placed at 80 °C for 24 hr to
allow for crystallization. After cooling the mixture to room
temperature, the resulting crystals were filtered, washed
several times with water and ethanol, and then dried in a
conventional oven at 100 °C (Xiang et al., 2010).

2.2 Synthesis of COF@MOF Composite

2.0 g of the MOF synthesized in the previous step was added
to a solution prepared by dissolving 5.0 g of melamine and 5.0
g of terephthalaldehyde in 250 ml of dimethyl sulfoxide
(DMSO) and 250 ml of distilled water. The resulting solution
was placed in an autoclave at 180°C for 12 hr. The final
product was filtered, washed with ethanol, and dried at room
temperature.

2.3 Adsorption Isotherm Models

For the design of adsorption systems and determination of
adsorption characteristics, the Langmuir and Freundlich
isotherms were studied. In the Langmuir isotherm, the
adsorption of species on the adsorbent occurs homogeneously,
meaning that all adsorption sites on the adsorbent are
equivalent and the adsorbate forms a monolayer on the surface.
In contrast, the Freundlich isotherm represents a
heterogeneous adsorption distribution on the adsorbent
surface, where different sites have different affinities for the
adsorbate, leading to multilayer adsorption. Eqg. 1 represents
the Langmuir isotherm (Langmuir, 1916):

Ce/ Qe = 1/ me + (1/ Qm) Ce (1)
where Qe is the adsorption capacity in Ci, mg/g is the initial
concentration in Ce, ppm is the final concentration in the

Fig. 1 Schematic of
gas adsorption
instrument

solution in V, ppm is the volume of the solution in I, m is the
mass of the adsorbent in g, gmb are Langmuir constants,
representing the theoretical maximum monolayer adsorption
capacity and the adsorption rate, respectively. The Langmuir
isotherm describes adsorption processes where active sites are
uniformly distributed on the surface, meaning that the species
are adsorbed in a homogeneous, monolayer fashion. The
Freundlich isotherm is also an empirical model that describes
the adsorption process where the species are adsorbed in a
heterogeneous manner on the surface. It is expressed by the
following Eq. 2 (Sing, 1998):

Inge = InK¢ + (1/n) InCe 2

where Ks and n are the Freundlich constants. From the linear
plot of log(geq) Versus log(Ceg), 1/n can be determined. The
value of 1/n indicates the type of isotherm: if 1/n =0, the
adsorption is irreversible; if 1<1/n<0, the adsorption is
favorable; and if 1/n>1, the adsorption is unfavorable.

2.4 COF@MOF Adsorbent Bed System for Adsorption of
COz and CH4 Gases

The adsorption system consists of a horizontally simulated
column resembling a chimney, where sampling points are
incorporated at various locations to measure the velocity,
pressure, temperature, and concentration of the incoming and
outgoing gases from the adsorbent. The CH4 and CO, gases
are introduced into the system through calibrated reference
cylinders. After calibration, the instrumentation equipment is
installed at specific points to measure the velocity,
temperature, humidity, and gas concentration. A schematic of
the gas adsorption process is shown in Fig. 1. In this
experiment, a defined amount of adsorbent bed is exposed to a
specific concentration of CH; and CO, gases. The
concentrations of these gases are measured simultaneously
before entering and after exiting the bed. Then, the varying
adsorption parameters such as temperature, pressure, and the
mass of the adsorbent are investigated under different
conditions.

Gas Analyzer

.

Pressure Measurment

OVEN

co,
CH,

Before the experiment, preliminary operations were carried
out, including the calibration of all equipment, such as the
pressure gauge, flow meter, air compressor performance test,
hydro-testing of equipment and connections, loading the
adsorbent bed, adjusting the compressor pressure, and testing
the gas analyzers. Initially, the air was passed through the
system for a while to allow the temperature and humidity on

TI—ID M

Adsorption Bed

Gas Analyzer

Vacuum Pump
| Temperature and Humidity.

Assessment

both sides of the column to reach equilibrium. During this
process, ensuring the system's leak-tightness was essential. To
ensure this, ceramic wool was used in the sections where the
equipment was installed. After completing these preparations,
the concentrations of CH4 and CO, gases were measured at
specified time intervals (every 90 s) before and after passing
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through the adsorbent, and all varying parameters were
analyzed. Finally, the adsorption isotherms were also plotted.

Before the experiment, preliminary operations were
conducted, including calibrating all equipment (e.g., pressure
gauge, flow meter), testing the air compressor’s performance,
performing hydro-tests on equipment and connections, loading
the adsorbent bed, adjusting the compressor pressure, and
verifying the gas analyzers. Initially, air was passed through
the system to allow temperature and humidity equilibration on
both sides of the column. Throughout this process, ensuring

system leak-tightness was critical. Ceramic wool was used to
seal sections where equipment was installed. The efficiency of
the synthesized adsorbent in removing CO. and CH. was
evaluated under controlled experimental conditions, including
adsorption temperature, pressure, and inlet pollutant gas
concentrations. The number and conditions of the experiments
followed the initial design (Table 1). Tests were repeated for
different adsorbent masses, target pressures, and temperatures,
with results recorded at each stage.

Table 1 Design of the experiment using the Taguchi method

Run Factor 1 Factor 2 Factor 3 Factor 4
Pressure (bar) Temperature (°C) CHa (ppm) CO2 (ppm)
1 0.2 25 25000 100
2 0.8 25 25000 100
3 1 25 25000 100
4 0.2 50 25000 100
5 0.8 50 25000 100
6 1 50 25000 100
7 0.2 70 25000 100
8 0.8 70 25000 100
9 1 70 25000 100

Various instruments and equipment were used in these
experiments to ensure accurate and reliable results.
The adsorption reactor, the system’s core component, was
made of stainless steel with precise dimensions. Designed to
withstand high pressures, it enabled controlled adsorbent
placement.

A high-performance vacuum pump generated the necessary
low-pressure conditions for complete gas desorption. Gas
concentrations at the reactor inlet and outlet were measured
using advanced gas analyzers, including Gas Chromatography
(GC) and Fourier Transform Infrared Spectroscopy (FTIR),
ensuring high-precision monitoring over time. Temperature
and pressure were precisely regulated using advanced
controllers, maintaining ranges of 0-70°C and 0-1 bar,
respectively.  Adata  logger recorded  measurements
continuously, minimizing human error and enabling reliable
data storage. All equipment was calibrated before use to
guarantee measurement accuracy throughout the experiments.

After each adsorption and desorption cycle, data were
collected through both quantitative and qualitative
measurements. The adsorbed gas quantity was calculated
based on the difference between inlet and outlet gas
concentrations. High-precision gas analyzers—including
GC and FTIR—were employed to
measure CO: and CH4 concentrations. The recorded
parameters included: temperature and pressure, inlet and outlet
gas concentrations, time required to reach equilibrium, and
number of repeated adsorption/desorption cycles. The
equilibrium time was specifically documented for each

experimental run to assess kinetic performance.

The efficiency of the adsorbent was calculated using Eq. 1:

n = SnCout 5 100 (1)
where: 1: adsorption efficiency (%), Cin: initial concentration
of pollutant gas (ppm), and Cou: outlet concentration of
pollutant gas (ppm).

Adsorption capacity was defined as the amount of gas
adsorbed per unit mass of the adsorbent and was calculated
using Eq. 2:

Cin - Cout |4
g = L= L) XV @

m

where: g: adsorption capacity (mg/g), V: Volume of gas passed
(), and m: Mass of the adsorbent (g).

The Taguchi experimental design method was used to
optimize the experimental conditions. The purpose of this
optimization was to determine the optimal conditions for
maximum gas adsorption. After conducting the experiments,
the data were entered into statistical analysis software, and the
results were reported in the form of variable impact graphs and
condition optimization.

To ensure the accuracy and reliability of the results, each
experiment was repeated at least three times. Additionally, to
evaluate reproducibility and data accuracy, the results obtained
from different repetitions were compared, and the standard
deviation was calculated. Acceptable reproducibility is
achieved when the standard deviation of the results is less than
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5%.To investigate the effect of various variables (pressure,
temperature, CO, concentration, and CH,4 concentration) on
adsorption efficiency, Analysis of Variance (ANOVA) was
used. This analysis made it possible to identify the most
influential variables and determine their optimal levels.
Additionally, the results were graphically analyzed using
statistical analysis software.

2.5 Experiments

The experiments were designed using the Taguchi
method with an L9 orthogonal array, incorporating four
controlled factors: Pressure (0.2, 0.8, 1 bar), Temperature (25,
50, 70°C), CH. concentration (constant at 25,000 ppm), and
CO: concentration (constant at 100 ppm). Nine experimental
runs were conducted, each representing a unique combination
of these factors. To assess experimental error and statistical
reliability, the central point (Run 2) was replicated three times.
This methodology significantly reduced the experimental
workload while enabling robust optimization of the adsorption
process.

Data analysis was performed using Analysis of Variance
(ANOVA) to identify the most influential factors and their
optimal levels. The results revealed key insights into the
impact of each parameter on adsorption efficiency, facilitating
systematic optimization of process conditions.

3. Results and Discussion
3.1 Characterization of synthesized nanoadsorbent

3.1.1 X-ray diffraction analysis

To examine the pore structure of the synthesized compounds,
X-ray Diffraction (XRD) patterns were obtained for the
synthesized MOF and MOF@COF adsorbents (Fig. 2). The
XRD pattern of the MOF sample shows the main peaks at 26
positions of 9.4°, 11.62°, 17.4°, 19°, and 23.3° with relative

Fig. 3 SEM images of the
adsorbents synthesized a)
MOF, b) MOF@COF

WO 48947 mm
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3.1.2 Scanning Electron Microscopy (SEM) Images

SEM images were used to demonstrate the morphology of the
synthesized adsorbents. Fig. 3 shows the SEM images of the

Perormance n nanospace n

intensities corresponding to those previously reported,
confirming the formation of this metal-organic framework
(Thi et al., 2013). According to Fig. 2, the primary structure
remained intact after composite formation, and the original
structure was preserved. The intensity of the peaks in
MOF@COF, especially the main peak, slightly decreased,
which could be attributed to the incorporation of the functional
groups from COF into the MOF structure.

By examining Fig. 2, it can be observed that the original
structure of MOF remains intact after being combined with
COF and is well preserved. However, the intensity of the peaks
(especially the main peak) in the MOF@COF sample has
decreased. This reduction in intensity could be attributed to the
incorporation of COF functional groups into the MOF
structure. This suggests that during the composite formation
process, COF groups have been integrated into the MOF
structure, resulting in changes in X-ray diffraction patterns and
consequently a decrease in peak intensity. Overall, these
results indicate that the original MOF structure is maintained
even after combining with COF, although some changes in
peak intensity are observed due to the influence of COF.

MOF
=
)
z
Z
g
< MOF@COF
] MWA*_/\A__A_‘.A__*,M\
5 10 15 20 25 30 35 40

20 degree
Fig. 2 XRD pattern of the adsorbents synthesized
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MOF network before and after composite formation. As
observed, the image corresponding to MOF displays pyramid-
shaped crystals with sharp edges and particle sizes of
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approximately 10 um. This image effectively illustrates the
purity of the synthesized compound, as no needle-shaped
particles, which would indicate unreacted ligands, are visible
(Xie et al., 2012). The images of the MOF@COF composite
indicate that the MOF structure synthesized did not undergo
any significant changes after composite formation, and its
structure was preserved before and after the compositing
process.

3.1.3 Nitrogen Adsorption-Desorption Analysis

Fig. 4 shows the adsorption and desorption isotherms of
nitrogen for the synthesized adsorbents. The gas adsorption
isotherm is of type IV, which aligns with the IUPAC
classification for mesoporous materials (Buttersack, 2019).
Additionally, the isotherm shows a hysteresis loop, indicating
that the adsorbents are mesoporous (Jun et al., 2000). Using
the BET method, the specific surface area, pore size, and pore
volume were measured.

200

180
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120

100 48

80

60 —s—MOF@COF

40
—e—MOF

Volume Adsorbed (cm3/g STP)

20

0

0 0.2 0.4 0.6 0.8 1

Relative pressure (P/P,)

Fig. 4 BET isotherms of the adsorbents synthesized
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Fig. 5 Pore size distribution of the adsorbents synthesized

The pore size distribution was obtained using the Barrett-
Joyner-Halenda method (Fig. 5). The results for MOF and
MOF@COF show a uniform pore size distribution with values
around 2.15 and 2.35 nm, indicating mesopores within the
range. These results further confirm the structure of the
synthesized compounds, which possess mesoporous cavities
(Horvat et al., 2022).

3.1.4 FT-IR Spectroscopic Analysis

The FT-IR spectrum of the synthesized adsorbents is shown in
Fig. 6. The comparison of the FT-IR spectrum with previous
studies for the MOF compound confirms the successful
synthesis of this compound (Garg et al., 2022). The presence
of sharp, high-intensity bands in the range of 1450-1650 cm™
corresponds to the stretching vibrations of the C-C bond in the
aromatic ring. A weak C-H aromatic ring stretching band at
3050 cm* further confirms this (Maurya et al., 2016). The
presence of the aromatic ring indicates that the organic ligand
used in the final structure of the adsorbent remains intact and
has not decomposed. The peak in the range of 1540-1630 cm"
! represents the stretching vibrations of the C-O group, while
the broadband in the range of 2500-3500 cm is attributed to
the OH vibrations from water and ethanol molecules present
in the compound (Yadav et al., 2021). In MOF@COF, the
peaks at 1410, 1230, and 550 cm™ can be attributed to the
stretching vibrations of C-N in the secondary amine, in-plane
C-H aromatic vibrations, and out-of-plane C-H vibrations,
respectively. NH-related vibrations appear in the range of
1460-1560 cm™* (Mekoung et al., 2022).
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=
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=
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=
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&
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Fig. 6 FTIR spectra of the adsorbents synthesized

3.1.5 Thermal Stability Analysis (TGA/DTA)

Fig. 7 shows that the weight loss of MOF increases with
temperature in two stages. The first stage, with weight loss at
temperatures below 110 °C, is mainly due to the loss of surface
and internal water from the sample. During this stage, a 15%
weight reduction was observed. The second stage, a 25%
weight loss between 180 °C and 250 °C, is related to the
degradation of OH groups and the decomposition of the
organic framework of the compound. According to the results
from the TGA, the MOF structure is degraded at temperatures
above 250 °C, so that at 650°C it transforms into its stable
oxide form, likely converting into copper oxide. The TGA
curve of this compound confirms the relatively low stability of
the MOF due to the presence of organic components in its
structural framework (An et al., 2024). After adding COF to
the MOF network structure, the results show that MOF@COF
exhibits greater thermal stability compared with MOF,
indicating that this synthesized hybrid nanocomposite has
relatively good stability.
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3.2 Adsorption Experiments
3.2.1 Results of CO2 and CH4 Adsorption Experiments

The amount of gas adsorbed by the adsorbent at each stage of
the process is determined by calculating the molar balance
between the initial and final thermodynamic states of the gas
phase in the system, using an appropriate equation of state. To
determine the total amount of gas adsorbed during the process,
the amount of gas adsorbed at each stage is added to the sum
of the gas adsorbed in all previous stages. In the initial state,
before the adsorption process begins and with the adsorption
bed valve closed, the gas in the reference column and its
connections are at different pressure conditions than the gas in
the adsorption tank containing the adsorbent. This pressure
difference between the gas phases before and after adsorption

v | b .

MOF@COF

1T [#¥]
TV

&on " 108 0 11 & sa0 L] 1] ne

Temperature| ic)

forms the basis for calculating the amount of adsorption at
each stage. By performing these calculations at each stage and
summing them up, the total amount of gas adsorbed by the
adsorbent throughout the process can be precisely determined.
In the secondary state, after the adsorption process is
completed, the connection between the adsorption column and
the rest of the system is established, and the gas throughout the
system reaches a uniform pressure equilibrium. This
equilibrium state indicates the end of the adsorption process at
that stage. The results from experiments conducted under
various temperature and pressure conditions on adsorption
with the adsorbent are presented in Table 2. This table shows
the effect of temperature and pressure on the amount of gas
adsorbed by the adsorbent. It can serve as a basis for analyzing
the performance of the adsorbent.

Table 2 Effect of temperature and pressure changes on adsorption of CO, and CH4 using MOF@COF

Adsorbent Pressure ~ Temperature CO; concentration (ppm) CHj4 concentration (ppm)
dosage (g) (ba) °C - - - -
Before adsorption  After adsorption  Before adsorption ~ After adsorption
100 0.2 25 10 10 25000 2091
100 0.2 50 10 18 25000 2416
100 0.2 70 10 24 25000 2918
Pressure changes

100 25 0.2 10 11 25000 2100

100 25 0.8 10 25000 1920

100 25 1 10 25000 1800

The best conditions were observed at a temperature of 25°C
and a pressure of 1 bar. As the temperature increased, the
adsorption efficiency decreased, while an increase in pressure
resulted in a direct increase in adsorption. The regeneration of
the adsorbent refers to its ability to function effectively for
multiple cycles of contact with the adsorbate species. The
highest adsorption capacity occurs during the first contact with
the adsorbate, as the greatest number of active sites are
involved in the adsorption process at this stage. In subsequent
contacts, some adsorption sites may either separate from the
adsorbent or remain occupied. Adsorbents with repeatable
adsorption capacities are considered suitable and economically
viable.

To evaluate the reusability of the synthesized nanocomposite,
adsorption and desorption processes were carried out over 10
cycles. The results showed that the performance of the

COF@MOF nanocomposite remained stable with negligible
change across the 10 adsorption-desorption cycles. According
to desorption results, the adsorbent showed a 33% reduction in
CO; adsorption efficiency (from 100 to 9 ppm) and an 18%
decrease in CH4 adsorption efficiency (from 2500 to 2186
ppm) after 10 cycles, indicating the efficiency of the hybrid
adsorbent.

3.2.2 Adsorption isotherms

The Langmuir and Freundlich adsorption isotherm constants
were calculated using Egs. 1 and 2, and the results are reported
in Table 3. Considering the value of R2, which indicates the
degree of linearity and the correlation of the curve obtained
from plotting the adsorption isotherm diagrams, it can be
concluded that the adsorption mechanism of the targeted gases
is more consistent with the Freundlich isotherm.
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Table 3 Calculated constants of Langmuir and Freundlich isotherms

Langmuir isotherm

Freundlich isotherm

Pollutant o b R? Ke n R?
CO2 68.96 0.0132 0.8098 6.730 0.235 0.9900
CHa 73.52 0.0133 0.9531 159.62 0.139 0.9992
. Statements and Declarations
4. Conclusion

In this study, a hybrid nanocomposite composed of MOF and
COF was synthesized for the removal of CO, and CHya, due to
its unique physical and chemical properties. To enhance the
adsorption capacity and improve the selectivity of this
nanocomposite, amino-functionalized COF, synthesized via
the hydrothermal method, was utilized. The synthesized
nanocomposite  (COF@MOF) was identified and
characterized using various techniques, including XRD, SEM,
FTIR, and BET. The performance of the COF@MOF
nanocomposite in removing CO, and CH. under different
experimental conditions, such as temperature, pressure, and
the concentration of incoming pollutant gases, was evaluated
using an initial experimental design method based on the
Taguchi approach. This experimental design method helped
optimize the conditions and identify the parameters affecting
the performance of the adsorbent. The results showed that:

1. The amount of adsorption had a direct relationship with
pressure and an inverse relationship with temperature.
Specifically, the adsorption efficiency increased with pressure
and decreased with temperature.

2. According to the R2 value, the adsorption mechanism of CO;
and CHj4 in the synthesized nanocomposite follows the
Freundlich isotherm.

3. The performance of the COF@MOF nanocomposite did not
significantly change over the 10 cycles of adsorption and
desorption.

While the COF@MOF nanocomposite maintained its
performance after 10 adsorption-desorption cycles, long-term
stability over hundreds or thousands of cycles must be
evaluated for industrial feasibility. Additionally, its
performance in removing other industrial gases remains
unexplored. Laboratory conditions differ from real-world
industrial environments, where variations in temperature,
pressure, and humidity may impact efficiency. Moreover, the
production cost and scalability of the synthesis process have
not been assessed, which are crucial for industrial adoption.
Future research should focus on extending adsorption-
desorption cycle testing, examining the impact of diverse gas
mixtures, and evaluating performance under actual industrial
conditions. Economic feasibility and scalability assessments
are essential for practical implementation. Additionally,
exploring new hybrid nanocomposites with enhanced
properties could lead to superior adsorbents for broader
applications.
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