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Due to global warming, the capture and separation of CO2 has been the focus of a
plethora of research in order to mitigate its emissions and contribute to global
development. Given that CO2 is commonly found in natural gas currents, there have
been efforts to seek more efficient materials to separate gaseous mixtures such as
CO2/CH4. However, there are only a few reports in regards to adsorption processes
within pressurized systems. In the offshore scenario, natural gas currents still exhibit
high moisture content, necessitating a greater understanding of processes in moist
systems. In this article, a metal-organic framework synthesis based on zirconium
(MOF-808) was carried out through a conventional solvothermal method and autoclave
for the adsorption of CO2 and CH4 under different temperatures (45 °C to 65 °C) and
pressures ranging from 50 to 100 bar. Furthermore, the adsorption of humid CO2 was
evaluated using thermal analyses. The MOF-808 synthesized in autoclave showed a
high surface area (1502 m2 g-1 per BET) and a high porosity volume (0.63 cm3 g-1
per DFT). As for the MOF-808 conventionally synthesized, though presenting a high
crystallinity, it showed a lesser superficial area (1323 m2 g-1 per BET) and a lower
volume of pores (0.51 cm3 g-1 per DFT) in relation to the one synthesized in the
autoclave. Also, the MOF-808 synthesized in the autoclave showed a high capacity for
CO2 adsorption at 50 bar and 45°C and had a low selectivity to capture CH4
molecules. It also exhibited a fine stability after five cycles of CO2 adsorption and
desorption at 50 bar and 45 °C - as confirmed by structural post-adsorption analyses
while maintaining its adsorption capacity and crystallinity. Furthermore, it can be
observed that the adsorption capacity increased in a humid environment, and the
adsorbent remained stable after adsorption cycles in the presence of moisture. Finally,
it was possible to confirm the occurrence of physisorption processes through NMR
analyses, validating the choice of mild temperatures for regeneration and contributing
to the reduction of energy consumption in processing plants.
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Dear Prof. Bart Van der Bruggen,

For your appreciation, we are submitting the article entitled “EFFICIENT
SEPARATION OF CARBON DIOXIDE AND METHANE IN HIGH-PRESSURE
AND WET GAS MIXTURES USING Zr-MOF-808” by Tamires Menezes, Katilla Santos,
Haiyan Mao, Klebson Santos, Juliana De Conto, Jeffrey Reimer, Silvia Dariva, Cesar C.

Santana to Separation and Purification Technology.

Please, find below the explanation of manuscript significance.

Capture and separation of CO> has been the focus of a plethora of research in order to mitigate
its emissions and contribute to global development. Given that CO is commonly found in
natural gas currents, there have been efforts to seek more efficient materials to separate
gaseous mixtures such as CO2/CHs. However, there are only a few reports in regards to
adsorption processes within pressurized systems. In the offshore scenario, natural gas
currents still exhibit high moisture content, necessitating a greater understanding of processes
in moist systems. The metal-organic frameworks emerge as a promising alternative since
their porous structures render rather peculiar characteristics such as high porosity, selectivity,
high variety of dimensions, and topologies. In this article, a metal-organic framework
synthesis based on zirconium (MOF-808) was carried out through a conventional
solvothermal method and autoclave for the adsorption of CO2 and CH4 under different
temperatures (45 °C to 65 °C) and pressures ranging from 50 to 100 bar. Furthermore, the

adsorption of humid CO; was evaluated using thermal analyses.



Thus, this paper will show that MOF-808 showed a high capacity for CO; adsorption at 50
bar and 45°C and had a low selectivity to capture CH4 molecules. Furthermore, it can be
observed that the adsorption capacity increased in a humid environment, and the adsorbent
remained stable after adsorption cycles in the presence of moisture. Finally, it was possible
to confirm the occurrence of physisorption processes through NMR analyses, validating the
choice of mild temperatures for regeneration and contributing to the reduction of energy

consumption in processing plants.
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Av. Murilo Dantas, 300, CEP-490032-490, Aracaju-SE, Brazil
Phone: (+55) 79 3218 2164

E-mail: jfconto@gmail.com juliana_faccin@itp.org.br
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Highlights

Highlights

MOFs are highly porous

MOF-808 is an efficient adsorbent for CO adsorption

MOF-808 are promising for separation of CO2/CH4 operating at high pressure
MOF-808 great stability of this material even under high pressures

Stable Performance and Selectivity: MOF-808 demonstrated stable CO> adsorption and
low CHjs selectivity after multiple cycles, crucial for efficient CO> capture

The durability of the MOF-808 adsorbent in humid environments optimizes CO> capture
efficiency and reduces energy consumption in processing plants
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Abstract:

Due to global warming, the capture and separation of CO; has been the focus of a plethora of
research in order to mitigate its emissions and contribute to global development. Given that CO»
is commonly found in natural gas currents, there have been efforts to seek more efficient materials
to separate gaseous mixtures such as CO2/CH4. However, there are only a few reports in regards
to adsorption processes within pressurized systems. In the offshore scenario, natural gas currents
still exhibit high moisture content, necessitating a greater understanding of processes in moist
systems. In this article, a metal-organic framework synthesis based on zirconium (MOF-808) was
carried out through a conventional solvothermal method and autoclave for the adsorption of CO2
and CH4 under different temperatures (45 °C to 65 °C) and pressures ranging from 50 to 100 bar.
Furthermore, the adsorption of humid CO; was evaluated using thermal analyses. The MOF-808
synthesized in autoclave showed a high surface area (1502 m? g™! per BET) and a high porosity
volume (0.63 ¢cm® g! per DFT). As for the MOF-808 conventionally synthesized, though
presenting a high crystallinity, it showed a lesser superficial area (1323 m? g’! per BET) and a
lower volume of pores (0.51 cm® g'! per DFT) in relation to the one synthesized in the autoclave.
Also, the MOF-808 synthesized in the autoclave showed a high capacity for CO adsorption at 50
bar and 45°C and had a low selectivity to capture CHs molecules. It also exhibited a fine stability
after five cycles of CO; adsorption and desorption at 50 bar and 45 °C - as confirmed by structural
post-adsorption analyses while maintaining its adsorption capacity and crystallinity. Furthermore,
it can be observed that the adsorption capacity increased in a humid environment, and the adsorbent
remained stable after adsorption cycles in the presence of moisture. Finally, it was possible to
confirm the occurrence of physisorption processes through NMR analyses, validating the choice
of mild temperatures for regeneration and contributing to the reduction of energy consumption in

processing plants.

Keywords: Metal-organic framework (MOF); MOF-808; CO2; CHs; Adsorption; high pressure.



1. Introduction

Carbon dioxide (CO»), one of the leading causes of global warming, is also one of the most
abundant components in the fossil fuel combustion process and is commonly found in natural gas
streams [1]. Within the last few years, many oil and gas reservoirs have been discovered in
countries such as Malaysia, Indonesia, and Brazil - all with CO grades of up to 80 % [2,3].

In the offshore reservoir’s scenario, in addition to CO», there is a presence of high-water
content, which, depending on the pressure and temperature conditions, favors the formation of
acidic environments, causing corrosion in equipment and complicating both compression and fuel
transportation [4,5]. Therefore, the need arises to capture and store carbon (CCS) directly on the
platforms, preventing their emission into the atmosphere and contributing to the global effort to
reduce COz levels.

Out of the processes that focus on the removal of CO, from NG currents, those of
absorption and adsorption are highlighted. Although these conventional techniques are vastly
employed with the use of different materials based on amines [6], modified silica [7], and zeolites
[8,9], they come with some challenges including high energy expenditure, formation of toxic and
volatile compounds for the environment, and a non-efficacious removal of contaminants.
Therefore, several efforts have been employed to search for materials that are more efficient in the
removal of CO2 - mostly with an emphasis on the separation of CO and CH4 [10-13].

In the context of CO; removal in NG currents (and post-combustion processes), it is crucial
to consider essential properties such as moisture resistance, ease of regeneration, and thermal
stability. This is because COz is typically present in gas streams containing significant moisture.
One of the most widely used adsorbents in industry today is Zeolite 13X, which has a strong

affinity for water. Yet in processes involving moist gases, the CO; adsorption capacity of this



adsorbent decreases, thus high temperatures are required for its regeneration, leading to high
energy consumption in processing plants. Considered a promising alternative, highly porous metal-
organic frameworks (MOFs) have been the focus of attention due to their selectivity, high
adsorptive capacity and ease of regeneration under milder temperatures, below 140 °C, which
results in lower energy expenditure for e.g., natural gas processing plants [3,14,15]. These are
hybrid materials that combine inorganic components (clusters) with organic components (linkers)
to form highly porous three-dimensional crystalline structures [16,17].

These materials have been greatly used towards separation [18,19], storage [20,21], and
gasses purification [22-24]. As for the separation of CO2/CH4, several MOFs with different
metallic sites have been reported, such as aluminum [21,25], zirconium, copper [26,27], and zinc
[28]. As such, they have promising characteristics for CO,/CH4 separation due to their high
selectivity arising from the metallic sites with the organic linkers. These structures are reported
with or without modifications, as well as in the form of membranes and films [29-31].

The excellent performance in the separation of binary mixtures such as CO2/CHas, CO2/Na,
and CO2/0z is linked to the outstanding surface areas of these structures, as well as their high pore
volumes, unique pore topologies, and the presence of numerous coordinatively unsaturated sites
(CUSs). Most studies on these binary mixture separations occur under dry conditions, where MOFs
exhibit excellent selectivity results. However, the performance in processes under humid
conditions often cannot be sustained due to instability in the presence of water. In many situations,
this instability is associated with the degradation of the structure due to slow hydrolysis when
exposed to humid conditions, as observed in MOFs like HKUST-1 [32,33], MOF-5 [34-36], MOF-
3 and MOF-74 [37]. However, in the literature, various metal-organic frameworks are found to

demonstrate stability in the presence of water, thanks to a robust metal cluster. Some notable



examples include AI-MIL [38—40], Cr-MIL [41,42], UiO [38,43] and Zr-MOF [44—46], which
exhibit strong resistance to moisture and excellent thermal stability.

Metal-organic frameworks based on zirconium have been well investigated mainly due to
their excellent stability in comparison to CO, and water. Out of these metal-organic frameworks
based on Zr, the MOF-808 have gained significant attention. This structure, as noted in studies
such as [47-49], shows proper stability and high adsorptive capacity in relation to CO; - besides
being regenerated under milder temperatures between 80 °C e 150 °C.

However, in general, CO2 and CH4 adsorption studies with metal-organic frameworks are
reported with pressures of up to 1 bar [47,50,51]. There are only a few contributions in the literature
about CO2 and CH4 under pressurized systems with these materials [44,52,53]. Furthermore, there
is a few studies on the use of metal-organic frameworks in situations involving humid
environments. Thus, in this article, CO, and CH4 adsorption were measured at high pressure (up
to 100 bar) with different temperatures using a metal-organic framework based on zirconium
(MOF-808), aiming to contribute to studies of real parameters as applied to industrial processing
plants working with the mixture of both gasses.

2. Experimental
2.1. Conventional solvothermal synthesis of MOF-808

The MOF-808 structure was adapted from [54] and [55]. In a synthesis vial containing 0.11
g of trimesic acid (H3BTC - 95 %-Sigma-Aldrich) and 0.16 g of zirconium chloride
(ZrOCI2.8H20 - 98 %-Sigma-Aldrich) were added to 20 ml of N,N-dimethylformamide (DMF)
(HCON(CH3)2 — 99.8 % Sigma-Aldrich) and 20 ml of formic acid ( HCOOH - 95 %-Sigma-
Aldrich). The mixture was heated up in a convection oven under 100 °C for 7 days, after that, the

crystals were filtered and washed 3 times with 10 ml of anhydrous DMF (99.8 % Sigma-Aldrich).



The solids were then immersed in 10 ml of acetone (CH3COCH3 — 99.5 % Sigma-Aldrich) for 3
days, with the latter being changed 3 times daily. Lastly, they were filtered and dried under 150
°C. This material was named MOF-808-C.
2.2. Solvothermal synthesis in the MOF-808 autoclave

The MOF-808 synthesis through autoclave was adapted from [56], in order to obtain a
metal-organic framework as efficient as the conventional one, so to accelerate the process of
obtaining the material and thus lowering energy expenditure. In a teflon cup, 0.315 g of trimesic
acid (H3BTC) and 0.727 g of zirconium chloride (ZrOCI2.8H20) were added to 33.7 ml of DMF
and 33.7 ml of formic acid. An ultrasonic bath was used for 5 min, and the mixture was placed in
an autoclave, and kept under 130 °C for 48 hrs. The solution was filtered, and the white precipitate
was washed 3 times with 30 ml DMF. After that, the material was washed with 30 ml of deionized
water 3 times and, finally, washed with 30 ml of acetone 3 more times. Afterwards, the crystals
were dried in the convection oven under 150 °C for 24 hrs. This material was named MOF-808-
AC.
2.3. Characterization

N adsorption-desorption isotherms at 77 K were measured using a NOVA 1200e-Surface
Area and Pore Size Analyzer, Quantachrome Instruments-version 11.0. The samples were
degassed at 130 °C for 6 h before the adsorption measurements. The surface area was calculated
by the Brunauer—-Emmett-Teller (BET) model and the total pore volume by the DFT (density
functional theory) and HK (Horvath-Kawazoe) models. XRD analyses were performed using a
Rigaku Miniflex II diffractometer equipped with Cu (A = 1.54) source radiation, in the range of 2°
< 0 < 30°, operated at 40 kV and 40 mA. Thermogravimetric analysis was performed using a

HITACHI model STA7200RV thermal analyzer under a nitrogen flow of 150 ml min"!. The



samples were heated from 25 to 950 °C in an alumina sample holder under a constant heating ratio
of 10 °C min™".

Fourier-transform infrared spectroscopy (FTIR) analyses were measured on attenuated
total reflectance (ATR) spectrophotometer (BRUKER). The resolution adopted was 2 cm™', and
32 min™! scans. Scanning electron microscopy SEM analysis was performed using a JEOL JSM-
IT200 scanning electron microscope with beam acceleration at 20 kV and current at 60 uA (probe
current). SEM images were processed with a Python algorithm based on the scikit image library
[57]. This algorithm was used to measure the properties of each particle, including its size and
sphericity.

2.4. Measurements of CH4 and CO> adsorption

CO; adsorption (White Martins - 99.5%) was conducted at temperatures of 45 °C, 55 °C,
and 65 °C, at pressures up to 50 bar. For CH4 adsorption (White Martins - 99.5 %), a temperature
of'45 °C and pressures up to 100 bar were used. The analyses were performed using a high-pressure
gas adsorption instrument (Isorb-HP1 - Quantachrome), to which a syringe pump (ISCO, model
260D) was attached. The selected experimental conditions aim to simulate industry-standard
conditions. For the analyses, an empty column adsorption curve was initially obtained to determine
the cell volume without the sample. Subsequently, approximately 200 mg of the sample was
degassed to ensure the removal of moisture and to make the pores accessible for adsorption. The
degassing conditions were as follows: 30 min at 50 °C, 30 min at 80 °C, and 4 hours at 130 °C,
under vacuum.

2.5. Adsorption-desorption cycles of CO2 adsorption
Six cycles of CO> adsorption-desorption were conducted to assess the material's stability

under high pressure. Firstly, a degassing process was performed on the sample to remove possible
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moisture. The degassing conditions were as follows: 30 min at 50 °C, 30 min at 80 °C, and 4 hours
at 130 °C. For the adsorption analyses, approximately 200 mg of the sample were used, and
adsorption took place at 45 °C and 50 bar. Regeneration was carried out under PSA until a vacuum
was achieved, and the sample was maintained under vacuum for 30 min.
2.6. Thermodynamic parameters

The values of the thermodynamic parameters of enthalpy (AH) and entropy (AS) were
calculated using the high-pressure isotherms software isorbHPwin with the PCT (pressure,
concentration, and temperature) graph of CO; adsorption data. With the enthalpy (AH) and entropy
(AS) results and using the thermodynamic relationship present in (Equation 1), it was possible to

calculate the Gibbs Free Energy.

AG((z)ds = AHgds - TASgds (1)

2.7. Adsorption models
The Toth model (Equation 2), an empirical model developed to combine the characteristics
of the Freundlich and Langmuir models [58], was applied to the CO> adsorption isotherms on the

MOF-808-AC, which is widely used in metal-organic frameworks.

KixP
9% =qQmi— 1T ()

[1+(KP) ™M
The parameters of this equation correspond to: qi = adsorbed quantity; qm,; = maximum
adsorption capacity of component i; n; = characterizes the heterogeneity of the adsorption system
(if n =1, the system is homogeneous); P = pressure; K; = interactions between adsorbent-adsorbate
(if K tends to low values and gm to high values, the model becomes closer to a linear isotherm).

2.8. Humid Thermogravimetric analysis



Thermogravimetric analysis (TGA) humid was performed using a TA Instruments TGA
Q50. The samples were activated under N> flowing at 130 °C until stabilization mass, around 30
min. Then, the gas was conducted through water bubblers, with an estimated water content of ~
30 % R.H at room temperature. For the adsorption and desorption analysis was used a ramp rate
of 1 °C min ..
2.8. CO2 gas dosing to NMR measurement

A 4 mm rotor was packed with previously activated samples. The CO, dosage was
performed at room temperature up to 1000 mbar and was adjusted with a capacitance manometer
(model 722B, MKS Instruments). To begin, a vacuum was created throughout the line to remove
any potential moisture. To ensure sample saturation, *CO; gas (99 atomic% 13C; Sigma-Aldrich)
was dosed for 2 hours. All of the above methodology was repeated for the samples dosed with CO»
and water, and water was added to the system.
2.9. NMR measurement

Solid-state NMR experiments were performed using Bruker AV-500 equipment with an
Avance I console (magnetic field strength of 11.7 T) operating at resonance frequencies of 500.12
MHz for 'H, and 125.72 MHz for '3C. Equipped with a 4 mm '"H/"*C High-Resolution Magic
Angle Spinning probe (HR-MAS) with a magic angle gradient and a4 mm 1H/BB CP-MAS probe.
The sample spinning rate of 10 kHz for all the experiments. The acquisition time for 13C
experiments was conducted at a recycle delay of 2 s and the spectral window ~25 to 70 kHz, with
a contact time of 2 ms.
3. Results and Discussion

3.1. Characterization of the metal-organic frameworks MOF-808-C and MOF-808-AC



10

Intense peaks can be noted from x-ray diffraction, Figure 1, which causes high MOF-808
crystallinity. Their characteristic Bragg peaks are in accordance with studies reported in literature
[59-62] and the simulated theoretical standard was obtained from the Cambridge Crystallographic
Data Centre (ICSD), code CCDC 1509776. The samples have similar diffraction peak shapes
without amorphous phases and no diffraction peaks of impurities were detected. The crystalline
peaks (8.35°), (8.75°), (10.0°) and (11.0°) are related to the crystalline framework of planes (311),
(222), (400), and (331) respectively - thus rendering the synthesis of both MOF-808-C and MOF-
808-AC metal-organic frameworks successful [63,64]. It is noteworthy that regardless of having

less time to perform the synthesis in the autoclave, the MOF structural standard was maintained.
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Figure 1. Experimental and theoretical X-ray diffraction profiles of the MOF-808-C (a) e MOF-

808-AC (b).

In the N> adsorption analysis, Figure 2, it can be noted that both materials showed Type I
isotherms, characteristics of microporous materials (XUAN et al. 2019 and GU et al. 2020).
Further, a high superficial surface area by BET is noted, 1502 m? g'! for MOF-808-AC and a
smaller area of 1323 m? g”! for MOF-808-C. As well as high values of pore volumes, 0.63 cm?® g’!
for the MOF-808-AC and 0.51 cm?® g'!' for the MOF-808-C as calculated via DFT. These values

are in accordance with the ones reported by LIN et al. 2019, XUAN et al. 2019 and ZHANG et at.
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2013, where the area for this MOF is around 1600 m? g! per BET and 0.64 cm® g! per DFT

[4,59,60,64].
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Figure 2. N> adsorption/desorption isotherms at 77K of samples MOF-808-AC and MOF-808-C.

Pore diameter distribution was calculated by HK and DFT.

In the size distribution of the HK model pores, Figure 2, it was possible to note the presence
of micropores near 4 A, which relates to the narrowest micropores, in accordance with the literature
that reports smaller pores near 4 A formed by the Zr and the BTC ligand [65]. The pore size
distribution graph of the DFT model shows pores of 17 A - 19 A for MOF-808-AC this may be
indicative of the presence of remaining solvent in the MOF-808 pores, which will be better

discussed in later analyses. In the literature, the MOF-808 has a central cavity around 18 A, that is
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formed in the midst of tetrahedral cages [65]. The discrepancy between the areas observed in the
literature and in this study, as well as the results presented in size distribution pores, may suggest
the presence of residues in the pores of MOF-808, which will be examined in more detail later on.

Thermogravimetric analyses were carried out as seen in Figure 3. It is noted that in both
samples there are three stages of mass variation, thus corroborating what has been reported by
CIRUJANO et al. 2020 [63] and WANG et al. 2022 [38]. The first stage, between 25 °C and 120
°C may be attributed to the desorption of physisorbed water molecules or reminiscent solvents
adsorbed on the surface sample [66] - representing less than 10 % for the MOF-808-C and around
20 % for the MOF-808-AC. The second stage, 10 % variation were noted for the MOF-808-AC
and 13 % MOF-808-C, between 180 °C and 370 °C, as a result of the decomposition of formic
acid as coordinated with the Zrs [59,67]. Such a presence of the formic acid on the pores may
justify the difference between the surfaces of both samples as previously shown in Figure 2, as
well as the presence of narrow pores, evidencing a greater quantity of formic acid remaining on
the pores of the MOF-808-C and a low efficiency on the washing of the material, as it was done
to change the solvent, differently than the filtration under vacuum performed at the MOF-808-AC.

In the last stage, around 500 °C, the main mass variation takes place with the decomposition
of the organic part (BTC), thus indicating the collapse of these groups with only the zirconium
oxide - ZrO> remaining. Hence, it is possible to identify through this analysis that both structures
are thermally stable at up to approximately 400 °C [59,68,69]. It gives grounds for the possibility
of utilizing milder temperatures, under 150 °C, thus allowing for the removal of impurities from
the pores of these metal-organic frameworks. It may contribute to reducing energy expenditure at

industrial processing plants.
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Figure 3. TG-DTG curves of MOF-808 metal-organic framework obtained at a heating rate of 10

°C min™! in a dynamic N, atmosphere (150 ml min™').

In Table 1, the CHN elementary analysis data is shown for the MOF-808-C and the MOF-808-
AC. Carbon percentages of 20.27 % were found for the MOF-808-AC and 21.06 % for MOF-808-
C, while the hydrogen percentage was 2.86 % and 2.47 %, respectively. The greater percentage of
carbon present in the MOF-808-C is directly related to the presence of formic acid within the pores

of this sample — as observed in the TGA analyses.
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Table 1. Elemental analysis triplicate mean (CHN) of samples MOF-808-C and MOF-808-AC.

Samples % C % H
MOF-808-AC 20.27 2.86
MOF-808-C 21.06 2.47
[70] 20.36 2.81
Theoretical 20.36 2.81

Through the scanning electron microscopy, as seen in Figure 4, it is noted that both samples
have particle conglomerates of monodisperse morphologies and that are evenly distributed, with
octahedral microcrystals, as observed by JIANG et al. 2014, LIU et al. 2019 and LOGAN et al.
2020 [59,62,71]. An algorithm programmed in Python 3.7 from the sciki image library was used

in order to examine the circularity of the particles as well as their equivalent diameters.
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MOF-808-AC - | MOF-808-AC

Figure 4. Scanning Electron Microscopy of the metal-organic frameworks MOF-808-AC and
MOF-808-C: a) at 30,000 magnifications; b) 25,000 magnifications; c¢) 20,000 magnifications;

d)16,000 magnifications.

Figure 5 shows the particles identified and measured by the algorithm for both the MOF-808-
C and the MOF-808-AC samples. It is seen in Figure 6 that the particles have an equivalent
diameter at the 0.2 pm - 0.4 um bandwidth, 64 % for MOF-808-C and 78 % for the MOF-808-
AC. In the literature, the MOF-808 is close to 0.2 pm in size, thus indicating that a value above
0.2 pum is related to the presence of agglomerates. Furthermore, in Figure 6, it is noted that the
circularity of the particles is between bandwidths 0.6 and 1 — according to the theoretical value of

the sphericity of the octahedron, 0.846 [69].
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Figure 5. Detection of MOF-808-C and MOF-808-AC particles by Python 3.7 from the sciki

image library.
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Figure 7 shows the FTIR analysis for MOF-808-C and MOF-808-AC. The 1606 cm™, 1583
cm™ and 1446 cm! vibration bands are attributed to asymmetrical and symmetrical stretching
vibrations of the BTC carboxyl groups (—COOH) which are adsorbed physically within the given
structure [69,72,73]. As for the Zr-OH groups, they caused the absorption bands to be at 1381 cm’
!. The adsorption bands at 759 cm™, 710 cm™ and 656 cm™! are characteristics of the Zr-O vibration,
which is highlighted at the band at 646 cm™' - therefore corroborating the coordination reaction
between the carboxyl in the BTC groups and the zirconium ion [38,67,73]. Worth noting is that
just as the x-ray diffraction analysis (regardless of its route), both samples have similar structural

aspects.
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Figure 7. Infrared spectrum (FTIR) of the metal-organic frameworks MOF-808-C and MOF-808-

AC.

As shown in physicochemical characterizations, the MOF-808 synthesized in the autoclave
showed a better superficial area, greater volume of pores, and maintained the structural

characteristics of crystallinity with a reduction in the preparation timing as compared to the
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conventionally synthesized one. For this reason, this MOF-808-AC sample was chosen to be
applied in the adsorption of CO; and CHa.

3.2. Measurements of CO> and CH4 adsorption

3.2.1. CO; adsorption

The CO, adsorption isotherms for the MOF-808-AC structure are represented in Figure 8 with
the following conditions: temperatures of 45 °C, 55 °C and 65 °C under a pressure range between
1 to 50 bar. It is worthy to note that the sample did not reach its highest adsorption capacity in
none of the conditions studied.

The presence of micropores in this structure eases the emergence of electrostatic interactions
between the metal-organic framework and the CO; molecules, which favors the potential
adsorption [74]. Also, the presence of narrower micropores in the MOF-808-AC (~ 4.8 A or 0.48
nm) may function in a more selective and likely way to adsorb more CO». According to LU et al.
(2011), one of the desirable characteristics to increase the CO> adsorption capacity is the proper
size of the pores and their compatibility with the kinetic diameter of CO2 molecule (~ 3.3 A), aside

from the interactions between the metal-organic framework and CO» [75].
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Figure 8. CO; adsorption isotherms of the MOF-808-AC under a pressure range between 1 and

50 bar at temperatures of 45 °C, 55 °C and 65 °C.

Hysteresis was not observed, which entails physisorption processes, reversible ones, and
without capillary condensation. Consequently, a greater amount of CO; was adsorbed under lower
temperatures — roughly 17 mmol g! under 45 °C and 50 bar. As temperature increases, there are
changes in the energetic properties of molecules. In the case of CO», since the interaction is a Van
der Walls type, the rising in temperature lowers the amount adsorbed, which is in conformity with
the studies by GUAN et al. (2018), GRANDE et al. (2020) and CECILIA et al. (2020) [76-78].
Also, greater temperatures favor gaseous molecules in the free gaseous state rather than in the
adsorbed one and the temperature has a direct impact on the molecular interaction between the
adsorbent and adsorbate. This high amount of adsorbed CO- corroborates the textural properties

of MOF-808 such as high porosity and accessible pores.
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Table 2 represents the adsorbed CO; amount in the MOF-808-AC under different pressures
and temperatures — as compared to the conventional adsorbents in the literature (zeolites and
silicas). Where the high adsorption capacity of MOF-808 against different materials is evidenced.
The adsorbent synthesized in this study has an adsorption capacity three times higher than that of
most commercial materials, for example, at 40 bar, the adsorbent synthesized in this study adsorbs

14 mmol g”!, whereas zeolite (NaA zeolite) adsorbs 4.5 mmol g



22

Table 2. A bibliographic survey of the amount of CO, adsorbed on different materials, pressure,

and temperature.

Pressure / Temp  Qads of CO2

Adsorbent (bar) / (°C) (ol ¢ Reference
zeolite 13X 20/45 6 [79]
B-zeolite 20/45 33 [80]

MOF-808-AC 20/45 8.2 This work
zeolite 13X 20/ 55 5 [79]
Norit R1 30/25 10 [81]
A5 zeolite 30/25 2.5 [82]
RM 8852 40/ 20 3.5 [83]
NaA zeolite 40/30 4.5 [84]
MOF-74 42/25 10 [85]
Norit RB2 42 /25 9 [85]

MOF-808-AC 40/ 45 14.5 This work
S1 coal 50/27 1.2 [86]
S1 coal 50/55 0.98 [86]

MOF-808-AC 50/55 11.9 This work
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3.2.2. CH4 adsorption

The isotherms in Figure 9 clearly show the greater capacity of CO> adsorption in
comparison to that of CHg, regardless of both being apolar and having similar kinetic diameters of
3.3 A for COz and 3.8 A for CHa. It probably occurs because the quadrupole moment and
polarizability of the CO2 in comparison to CH4, promotes a greater electrostatic interaction with
the open metallic sites (Zr) of MOF-808-AC [87,88]. Also, the MOF-808 features narrow pores of
approximately 4 A, acting as selectors for smaller CO2 molecules and hindering the permeation of
larger CH4 molecules. Therefore, a low selectivity of the metal-organic framework for methane is
noted — even under pure gas conditions. This means that the synthesized structure reported in this

article is highly promising for the selective separation of the CO2/CH4 gaseous mixture.
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Figure 9. Adsorption isotherms of CO2 and CH4 on the MOF-808-AC metal-organic framework

at 45 °C and up to 100 bar.
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3.3. Thermodynamic parameters

The calculated values of enthalpy, entropy, and Gibbs free energy, together with the respective
values of CO; concentration, pressure, and temperature, are presented in Table 3 for MOF-808-

AC.

Table 3. Calculated thermodynamic parameters for the MOF-808-AC metal-organic framework.

COz uptake AH AS Temperature | Pressure AG
(% w) (kJ mol™") | (kJ mol! k™) (°C) (bar) (kJ mol 1
5 -6.0 -28.2 45 291 -8.97
55 3.81 -9.26
65 3.31 -9.54
15 -23.8 -92.2 45 7.74 -29.30
55 12.18 -30.22
65 13.11 -31.14
25 -33.0 -125.2 45 12.82 -39.81
55 21.22 -41.07
65 26.75 -42.32
35 -40.3 -163.4 45 17.96 -51.95
55 30.97 -53.58
65 48.38 -55.21

In Table 3, it is seen that the enthalpy values (AH) ranged from - 6 kJ mol! to - 40 kJ mol-! for
the MOF-808-AC, thus confirming that the adsorption of the CO2 molecules in the metal-organic
framework is characterized as a physisorption process. The values are in accordance with those
reported in the literature, the physisorption process occurs at up to -40 kJ mol' [89,90].
Furthermore, this physisorption process is exothermic, as indicated by the negative enthalpy
values. It is observable that as the quantity of CO: increases, the enthalpy values also rise,
signifying a stronger attachment of the molecules to the surface. Nonetheless, there is no formation
of chemical bonds involved in this phenomenon. The AG negative values indicate that the
adsorption process occurs spontaneously. The AS negative values are a consequence of the

adsorption process that lowers the level of disorder of CO2 molecules from the moment they are
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adsorbed at the active sites from the metal-organic framework — thus corroborating what was
observed by PENCHAH et al. (2022) and LEE et al. (2021) [91,92].

It's noteworthy that the enthalpy associated with MOF-808 exhibits relatively low values in
comparison to numerous commercially available adsorbents, including zeolites and some
microporous carbons. This characteristic potentially confers a distinct advantage to the utilization
of this material in cyclic separation processes, as it anticipates a reduced energy demand for
adsorbent regeneration, particularly in contrast to zeolites and silicas.

3.4. Adsorption models
The experimental data for the CO; adsorption isotherms at 45 °C, 55 °C and 65 °C and the
curves that represent the adjustments by the Toth model are presented in Figure 10. It is seen that

the model presented adequate conformity with the experimental basis of the MOF-808-AC.
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Figure 10. Adjustments of CO; adsorption isotherms at 45 °C, 55 °C and 65 °C between 1 and 50

bar for the MOF-808-AC. Dashed lines represent Toth's model.
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The parameters obtained from the adjustment of the Toth model for the MOF-808-AC
metal-organic framework are shown in Table 4. The enthalpy values calculated from the
adjustment of the Toth model are in accordance with the ones previously reported. A value of - 44

kJ mol is noted for the MOF-808-AC thus proving the process of physisorption [48,78].

Table 4. Toth model parameters for CO> adsorption equilibrium isotherm in metal-organic

framework MOF-808-AC.

Sample Qsat b ni (AH)
(mmol g!) (bar!) (kJ mol™)
MOF-808-AC 48.7 45x 101 0.94 -44.14

It may be inferred from the parameter n (0.94 for the MOF-808-AC) that the MOF-808-
AC shows a heterogeneity for the CO, adsorption sites, since the n value was different than 1 —
the value indicated in the literature by AYAWEI et al. (2017) [93]. As for the value for parameter
b, it is related to the energy interaction between adsorbent and adsorbate, which shows the
physisorption process applying towards both metal-organic frameworks [94].
3.5. Adsorption and Desorption cycles

Six cycles of CO; adsorption and desorption performed at 50 bar and 45 °C are presented
in Figure 11 in order to evaluate the stability and the regeneration capacity of the MOF-808-AC.
It showed a lower value between the first and the second cycle, while the others showed uniformity.
This result may be due to the pores in the MOF-808 metal-organic framework being quite
narrowed (~ 4.8 A or 0.48 nm) and near the kinetic CO2 diameter (3.3 A for CO2) which could

have had a rupture due to the sudden pressure pumped, given that from the second cycle on there
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is the pumping of 50 bar that is different from the first cycle, where a gradual pressure increase

takes place for the acquisition of the isotherm as shown in Figure 8.
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Figure 11. Adsorption and desorption cycles and adsorbed amount of CO> for the MOF-808-AC

metal-organic framework at the temperature of 45 °C and pressure of 50 bar.

3.6. Structural characterization post-adsorption and desorption process of MOF-808-AC

Through the FTIR analysis of the MOF-808-AC, as seen in Figure 12, it is noted that the
characteristic bands of the bonds formed by the synthesis are maintained and have similar intensity
even after the analyses under high pressure, resulting then in a high chemical stability following
treatment. Additionally, the analysis of the x-ray diffraction after the application under pressurized
system is observed in Figure 13. Hence, it may be inferred that the MOF-808-AC sample maintains
its crystallinity with the presence of the characteristic peaks at (8.35°), (8.75°), (10.0°) and (11.0°)
as related to the crystalline framework of planes (311), (222), (400), and (331). It suggests these

materials have a proper stability.
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Figure 12. Infrared spectrum (FTIR) of the metal-organic framework MOF-808-AC after CO»

adsorption and desorption isotherms between 1 and 50 bar at temperatures of 45 °C, 55 °C and 65

°C.

Intensity (a.u.)

g —— Theoretical
= —— MOF-808 - CO, - 50 bar
i

' - = = MOF-808 - CHy - 100 bar
jl
S ~
N
N— on
WWM

20

Figure 13. X-ray diffraction profile of MOF-808-AC after CO; and CH4 adsorption and desorption

isotherms at 45 °C and pressure of up to 100 bar.
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3.7. Wet CO; adsorption

It is noteworthy that MOF-808-AC exhibits low N> adsorption capacity under dry
conditions. Thus, the coadsorption of N> can be considered insignificant during multicomponent
measurements involving CO> and H>O.

The presence of 15 % humid CO; for MOF-808-AC resulted in an adsorbed quantity of
approximately 14 g/100 g shown in Figure 14. Both investigations conducted by MILNER et al.
(2017) [95] and CHOE et al. (2022) [96] report that metal-organic frameworks adsorb water and
CO; at the same active sites, with water adsorption being more favorable. This proclivity typically
culminates in the prevalence of water adsorption over CO> in multicomponent measurements. The
hysteresis loop closes at approximately 100 °C for MOF-808-AC. Despite the presence of narrow
micropores, the energy required for desorption remains relatively mild. It is worth emphasizing
that the presence of a narrow loop in the metal-organic framework renders it a promising candidate
for the adsorption and separation of humid CO; in diverse systems. This attribute is predicated on
the ability to effectuate regeneration at mild temperatures, concurrently achieving an impressive
yield exceeding 80 % of the MOF's adsorption capacity in subsequent cycles.

Furthermore, it can be noted that the lines from each cycle overlap, exhibiting adsorbed
quantity values of 14 g/100 g for MOF-808-AC. This suggests that regeneration occurred
efficiently, even at a mild temperature of 110 °C. This could be directly linked to the prevalent
presence of physisorption processes, in which the interactions between gases and metal-organic
frameworks are weaker. These findings imply that regeneration occurred efficiently, requiring

lower temperatures and, consequently, reduced energy expenditure.
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Figure 14. Two cycles of N2, CO2, and H>O adsorption on the metal-organic framework MOF-

808-AC.

Long-term stability is a critical factor in the selection of an adsorbent, especially in humid

environments where there are few available reports in the literature. In Figure 15, it is evident that

the adsorption capacity remained constant throughout the adsorption and desorption cycles, with

no decrease in adsorption efficiency. This suggests good material stability. Furthermore, MOF-

808-AC was efficiently regenerated at a temperature of 110 °C, obviating the necessity for vacuum

or pressure differentials. This signifies that the regeneration process proves efficacious, thereby

enhancing the practical viability of these adsorbents in real-world applications.
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Figure 15. Adsorption and desorption cycles of N2, CO2, and H2O on MOF-808-AC.

In order to elucidate the adsorption mechanism of humid CO;, within the metal-organic
framework MOF-808-AC, experiments employing '*C nuclear magnetic resonance (NMR)
spectroscopy were conducted. In the 1*C NMR spectrum attributed to MOF-808-AC (Figure 16),
only one signal at § 13C = 125 ppm was observed, indicating the presence of physisorbed CO; in
the material. These outcomes align with antecedent investigations conducted by LYU et al. (2022),
ETHIER etal. (2015) and MAO et al. (2022), which also identified this distinctive signal indicative
of physisorbed CO; [48,97,98].

Therefore, the results demonstrate that even in the adsorption of humid CO,, the MOF-
808-AC exhibit solely physical interactions, thereby corroborating the previously hypothesis.
These weaker interactions between the gases and the metal-organic frameworks engender a
regenerative process of heightened efficacy, requiring milder temperatures (below 150 °C). This
implies to a reduced energy expenditure compared to conventional adsorbents such as zeolites and

silica gel, which typically necessitate temperatures ranging from 200 °C to 250 °C for regeneration.
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Figure 16. Espectros de 13C — ressonancia magnética nuclear de estado sélido da estrutura MOF-

808-AC pos adsor¢do de CO2 com e sem presenga de agua.

4. Conclusion
The characterizations shown that MOF-808 synthesized in autoclave exhibited a higher
surface area, a larger pore volume, and maintained its structural crystallinity characteristics with a
reduced synthesis time compared to conventionally synthesized MOF-808, MOF-808-AC (1502
m? g and 0.63 cm® g'') and MOF-808-C (1323 m? g'! and 0.51 cm?® g'!). Additionally, the scanning
electron microscopy analyses demonstrate the existence of particles with highly monodisperse
morphologies and uniformly distributed. Thermogravimetric analysis revealed the presence of the
solvent used in the pores of MOF-808-C, leading to a decrease in the surface area.
With the CO» and CH4 adsorption analysis under a pressurized system, the low selectivity for

the CH4 molecules was identified and also the MOF-808-AC adsorbed a high amount of CO», 24.6
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mmol g!. This value is superior to those found with the zeolites and silica gels being currently
employed in most investigations. These values, in association with the selectivity of the adsorbent,
point to an important potential towards separating CO, and CH4 mixtures. Furthermore, the good
stability of the material following 5 cycles of adsorption could be observed and it was possible to
infer that the reaction between the CO2 molecules and that of the MOF-808 is exothermic and the
process is physical, it may contribute to reducing energy expenditure at industrial processing
plants.

Finally, it was possible to infer that under the conditions of 15 % humid CO; in Ny, the
adsorption capacity remained constant after continuous cycles of adsorption and desorption.
Furthermore, it was also possible to demonstrate that regeneration occurred efficiently even at a
mild temperature of 110 °C, which can result in energy savings in industrial processing plants.
This mild regeneration temperature was explained by the presence of only physisorption processes,
weak interactions, confirmed in the nuclear magnetic resonance analysis.
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