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Abstract: Thermal effects accompanying gas sorption on micro- and mesoporous materials provide unique
insights into the type, course, and efficiency of sorption. In this study, metal-organic frameworks (MOFs) with
different topologies and chemical structures were synthesized and investigated: HKUST-1, Ni-MOF-74, UiO-66,
and MIL-140A. These MOFs were characterized structurally and sorptively with respect to selected greenhouse
gases (GHGs). Sorption capacities for CO2> and CH4 were determined at several temperatures and measurement
pressures, and the maximum sorption capacity was determined using the Langmuir-Freundlich model. Thermal
effects accompanying adsorption were quantified through the isosteric heat of adsorption parameter. For each
MOF, the values of isosteric heat of adsorption were higher for CO: than for CHa. The values of this parameter
was determined in the following order: HKUST-1 > Ni-MOF-74 > UiO-66 > MIL-140A. Energy homogeneity of
the adsorbent surface was observed in nearly all cases, except for UiO-66 during CO- adsorption. Changes in the
determined isosteric heat of adsorption of CO: with increasing sorption capacity were in the range of 5-15 kJ/mol,
while for CHa they ranged from 1.4 to 17 kJ/mol, respectively. The level of thermal selectivity of CO2 over CH4
was determined in the following order: UiO-66 (1.9) > Ni-MOF-64 (1.7) > MIL-140A (1.5) > HKUST-1 (1.1).

Introduction

Greenhouse gas emissions have become a serious environmental
problem. Due to rapid industrial growth and the combustion
of fossil fuels, significant amounts of CO, are being emitted
into the atmosphere. The concentration of CO, in the air has
now reached its highest level in at least 2 million years. Since
around 1750, the beginning of the Industrial Revolution, CO,
levels have risen from 280 ppm, to 412 ppm as of 2020) (Erans
et al. 2022). The capture of greenhouse gases (GHGs) has
therefore become a priority, presenting scientists with new
goals and challenges. The main challenge here is to develop
an efficient and economically viable method for capturing
these gases. Currently available methods include absorption,
adsorption, membrane separation, cryogenic distillation and
chemical looping combustion (Aniruddha et al. 2020, Zylka. et
al. 2020). The amine absorption method uses an amine solution
as an absorbent, which binds to gases through chemisorption.
However, this method is energy-intensive due to regeneration
of the absorbent, loss of amine through degradation and
evaporation, and damage to equipment due to corrosion
processes (Lin et al. 2019, Madden et al. 2019, Oschatz

and Antonietti 2018, Qazvini et al. 2021). An alternative is
adsorption, which has gained increasing scientific attention in
recent years (Pajdak et al. 2019). Each adsorption method is
based on the physical interactions between the adsorbate and
adsorbent and typically follow one of the following schemes:
Pressure Swing Adsorption (PSA), where the adsorbent
is regenerated by changes in pressure; Vacuum Swing
Adsorption (VSA), where regeneration occurs under vacuum,;
or Temperature Swing Adsorption (TSA), which exploits
differences in the adsorbent’s sorption capacity at varying
temperatures (Aniruddha et al. 2020, Krzywanski et al. 2022,
Tlili et al. 2009).

Metal-organic frameworks (MOFs) are a group of synthetic
adsorbents with significant potential in many industrial fields.
They can be used in gas separation and storage, catalysis,
photocatalysis, biodetection, fuel cells, supercapacitors
(Aniruddha et al. 2020, Chai et al. 2022, Czaja et al. 2009,
Dhakshinamoorthy et al. 2018, Jodlowski et al. 2022, M. Li et
al. 2021, Naghdi et al. 2023, Qian et al. 2020, Rieth et al. 2019,
Strauss et al. 2019, Xu et al. 2020, Zhou et al. 2021). MOFs
have a unique structure, which results in their low weight, high
porosity and exceptional sorption capacity, and specific surface
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area (Aniruddha et al. 2020, Mahdipoor et al. 2021, Valverde et
al. 2021). The crystalline three-dimensional structure of MOFs
consists of metal centers and organic ligands (Furukawa et al.
2013, Strauss et al. 2019). Their modular structure enables the
creation of an infinite number of coordination polymers and
allows for post-synthetic modification (Furukawa et al. 2013).
This characteristic distinguishes MOFs from other known and
commonly used adsorbents such as activated carbon, porous
silica or zeolites. Moreover, MOFs can be tailored for specific
applications by selecting the appropriate synthesis method and
performing chemical modifications. These factors contribute
to their superiority over other adsorbents and uniqueness (Lee
etal. 2013, H. Li et al. 2019).

An effective adsorbent should be as inexpensive as possible
to produce and to regenerate. Most importantly, it should have
a high sorption capacity, selectivity for the chosen adsorbate,
and exhibit strong mechanical, thermal, and chemical
durability (Czarnota et al. 2019, Ding et al. 2019, Gargiulo
et al. 2020, Kong and Li 2021). MOFs can be synthesized
through various methods, including solvothermal synthesis,
microwave-assisted solvothermal synthesis, electrochemical
synthesis, sonochemical synthesis, mechanochemical
synthesis, microfluidic synthesis, ionothermal synthesis, and
dry-gel conversion synthesis (Aniruddha et al. 2020, Lee et
al. 2013). While MOFs are expensive to produce due to the
high cost of substrates (Elhenawy et al. 2020), their advantages
far outweigh this disadvantage. In terms of CO, sorption
efficiency, MOFs are far superior to other adsorbents. They
exhibit higher working capacity for CO, compared to liquid
amines, ionic liquids, zeolites, hybrid ultraporous materials
(HUMs), soda lime, or amine-functionalized inorganics
(Elhenawy et al. 2020). The high potential of MOFs for gas
capture is influenced by their structural properties, such as
specific surface area, porosity, average pore size and pore size
distribution (Becker et al. 2017, Carreon and Venna 2020,
Choi et al. 2017, D. Li et al. 2021, H. Li et al. 2019, Mangal et
al. 2018, Nuhnen and Janiak, 2020, Strauss et al. 2019, Xiao
and Liu 2019). Equally important is the interaction potential
between the gas molecules and the MOF surface. In some
cases, intermolecular interactions can be so strong that they
become the dominant factor influencing the sorption process.

Adsorption on MOFs occurs according to molecular
sieving theory, where particles with the appropriate kinetic
diameter are adsorbed (Elhenawy et al. 2020). Most MOFs
have a high affinity for acidic gases, particularly CO,
(Aniruddha et al. 2020), which is a key aspect in the context
of CO, capture from gas mixtures. Many studies have been
dedicated to determining the sorption efficiency of MOFs for
CO, and CH,, relative to their structural analysis (Abdelnaby
et al. 2024, Bisotti et al. 2024, Furukawa et al. 2013, Jodtowski
et al. 2022, Mason et al. 2014, Senkovska and Kaskel 2008).
The effect of adding functional groups and ions on sorption has
been studied, though with varying results. This is because these
modifications often clog the access pathways for gases into the
pores, which is typically accompanied by a decrease in sorption
capacity (Rieth et al. 2019). On the other hand, a positive effect
was achieved by introducing defects into the surface structure,
such as removing individual linkers and opening access
pathways directly to metallic centers (Kurzydym and Czekaj
2020, H. Li et al. 2019).

High selectivity for a particular gas is clearly of practical
use. Selectivity reflects the adsorbent’s preference for a specific
adsorbate, which is important when using adsorbents to
capture a particular component from gas mixtures. Numerous
studies in the literature investigate the selectivity of MOFs for
gases (D. Li et al. 2021, H. Li et al. 2019). Chowdhury et al.
(Chowdhury et al. 2012) studied HKUST-1-type MOFs at a
pressure of 200 kPa and a temperature of 296 K, achieving a
CO,/CH, selectivity of 7.4 and a CO, sorption capacity of 5.27
mmol/g. The high selectivity of CO, over CH, in Ni-MOF-74
and UiO-66 makes these MOFs suitable for purifying natural
gas from carbon dioxide. HKUST-1, however, is less effective
in this regard, as its CO, capture efficiency is much lower.
Rafati Jolodar et al. (Rafati Jolodar et al. 2024) conducted a
study on natural gas purification from CO, using MIL-101(Cr-
Al) as an example.

Many MOFs exhibit high thermal stability within the
temperature range of 523-773 K. Their resistance to high
temperatures is due to the presence of strong bonds in their
structure, such as carbon-carbon, carbon-oxygen, and carbon-
hydrogen bonds (Furukawa et al. 2013). However, the factors
determining MOF stability are not fully understood (Rieth et
al. 2019). Some MOFs show high chemical stability, while
others degrade easily in the presence of moisture (Canivet et
al. 2014). Park et al. (K. S. Park et al. 2006) demonstrated the
high chemical stability of ZIF-8, which retained its structure
after immersion in boiling benzene, methanol and water for 7
days. However, in a similar test using an 8-mol NaOH solution,
ZIF-8 lost its properties after 24 h.

Oneofthekeyparameters foracomprehensiveinterpretation
of adsorption processes and adsorbate-adsorbent interactions
is the isosteric heat of adsorption. This parameter determines
the average binding energy of a fluid molecule adsorbed at a
specific coverage of the adsorbent surface (Mason et al. 2014).
It helps identify the type of adsorption, distinguishing between
weak physisorption and strong chemisorption (Nuhnen and
Janiak 2020). This is particularly important in the search for
adsorbents that enable efficient capture of greenhouse gases
(GHGs), especially CO,. Park et al. (H. J. Park and Suh 2013)
used this parameter to characterize interactions between
the SNU-100 MOF and CO,. Different metal cations were
implanted into the pore space of the MOF to optimize SNU-
100 for the most effective CO, capture. Mahdipoor et al.
(Mahdipoor et al. 2021) studied CO, sorption by MIL-101(Fe)
and MIL-101(Fe)-NH, at temperatures of 291 K and 303 K and
pressures up to 4 MPa. For the same sorption capacity, they
observed a difference of 10.1 kJ/mol in the isosteric heat of
adsorption between the two MOFs, indicating that, in addition
to physisorption, CO, chemisorption significantly influences
the adsorption mechanism. Knowledge of the isosteric heat
of adsorption also allows for characterizing the heterogeneity
of an adsorbent’s energy, helping to distinguish between
homogeneous and heterogencous adsorbents (Cimino et al.
2017). Yulia et al. (Yulia et al. 2019) conducted CO, sorption
studies on MIL-101(Cr) at three temperatures (298, 300, 308
K) and pressures up to 600 kPa. They fitted a Thoth model to
the sorption data and calculated the isosteric heat of adsorption.
Based on the variation of this heat with adsorbate occupancy,
they deduced a high degree of heterogeneity in the surface
structure of MIL-101(Cr). The isosteric heat of adsorption is
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also used to determine the heat of condensation in mesoporous
adsorbents (Neimark et al. 1998, Olivier 2000).

The purpose of this article is to highlight the importance
and innovation of using MOFs for CO, and CH, capture, and
to comprehensively characterize selected MOF compounds,
with a special focus on the thermal effects associated with
adsorption. The authors of the article synthesized four types
of MOFs, which they structurally and sorptively characterized
in relation to CO, and CH,, paying particular attention to the
isosteric heat of sorption. They then compared their results
with values reported in the literature.

Materials

Among the numerous types of MOF structures differing
in chemical composition and topology, the following were
selected for study: (1) HKUST-1, a copper-based metal-organic
framework with 1,3,5-benzenetricarboxylic acid ligands in
between (Hong Kong University of Science and Technology);
(2) Ni-MOF-74, a framework consisting of nickel clusters
linked to 2,5-dihydroxyterephthalic acid ligands; (3) UiO-
66, a zirconium-based metal-organic framework composed
of [Zr,0,(OH),] octahedra and 1,4-benzenedicarboxylic acid
ligands (Universitetet i Oslo); and (4) MIL-140A, consisting
of zirconium clusters linked by 1,4-benzenedicarboxylic acid
ligands of the formula [ZrO(O,CCH,CO,)] (Matériaux de
I'Institut Lavoisier). All types of MOF structures studied were
synthesized at the Cracow University of Technology, Faculty
of Chemical Engineering and Technology.

Synthesis

HKUST-1 was synthesized in accordance with the procedure
described elsewhere (Bordiga et al. 2007), with some
modifications. A total of 2.9 mmol of copper (II) nitrate
trihydrate was dissolved in 12 ml of distilled water. Meanwhile,
2.0 mmol of 1,3,5-benzenetricarboxylic acid was dissolved in 12
ml of ethanol. The two solutions were then mixed and transferred
to Teflon liners. The prepared stainless-steel bombs containing
Teflon vessels were tightly capped and placed in an oven at
110 °C for 18 h. The resulting MOF crystals were filtered and
washed 3 times in ethanol, followed by 3 washes with distilled
water. The resulting material was then dried at room temperature
and activated in a vacuum dryer at 80 °C for 8 h.

Ni-MOF-74 was synthesized in accordance with the
procedure described elsewhere (Jodlowski et al. 2020),
with some modifications. A total of 2.3 mmol of zinc nitrate
hexahydrate and 0.75 mmol of 2,5-dihydroxyterephtalic acid
(DHTP) were dissolved in 30 ml of N,N-dimethylformamide.
After the metal salt and DHTP were fully dissolved, 1.5 ml
of distilled water was added to the solution. The resulting
solution was then transferred to Teflon liners. The prepared
stainless-steel bombs containing Teflon vessels were tightly
capped and placed in an oven at 100 °C for 20 h. The resulting
MOF crystals were left in methanol for seven days, with the
methanol being replaced with fresh methanol every two days.
The resulting material was then dried at room temperature and
activated in a vacuum dryer at 180 °C for 6 h.

UiO-66 was synthesized in accordance with the procedure
described elsewhere (Jodlowski et al. 2021), with some

modifications. A total of 0.082 mmol of zirconium (IV) chloride
and 0.78 mmol of benzene-1,4-dicarboxylic acid (H2BDC)
was dissolved in 81.7 ml of N,N-dimethylformamide. The
resulting mixture was then ultrasonicated for 5 minutes, after
which 9.2 ml of acetic acid was added. The resulting solution
was then transferred to Teflon liners. The prepared stainless-
steel bombs containing Teflon vessels were tightly capped
and placed in an oven at 120 °C for 24 h. The resulting MOF
crystals were separated from the solution by centrifugation.
The white crystals were washed 3 times in DMF, followed by
3 washes with methanol. The material was then dried at room
temperature and activated in a vacuum dryer at 120 °C for 12 h.

MIL-140A was synthesized in accordance with the
procedure described elsewhere (Jodtowski et al. 2023), with
some modifications The sonochemical synthesis of MIL-140A
metal-organic frameworks were performed using a two-step
approach. In the first step, 2 mmol of zirconium (IV) chloride
and 4 mmol of benzene-1,4-dicarboxylic acid (H,BDC) was
suspended in 12 ml of N,N-dimethylformamide. Next, 0.016
ml of hydrochloric acid was added to the suspension. The
resulting solution was then transferred to Teflon liners. The
prepared stainless-steel bombs containing Teflon vessels were
tightly capped and placed in an oven at 220 °C for 20 h. The
resulting Pre-MIL-140A crystals were separated from the
solution by filtration. The white crystals were washed 3 times
with DMF, followed by 3 washes with methanol. The resulting
material was then dried at room temperature and activated in
a vacuum dryer at 120 °C for 12 h. In the next step, the as-
prepared Pre-MIL-140A was further sonicated by using the
QSonica Q700 sonicator equipped with a %2 diameter horn. A
total of 200 mg of Pre-MIL-140A was suspended in a mixture
of 25 ml of methanol and 25 ml of acetic acid. The resulting
suspension was placed in an ice bath. The suspension was then
treated by sonication for 30 min at an amplitude of 60. Prior
to sonication, the suspension was purged with an Ar flow of
50 ml/min for 10 min. The resulting crystals were centrifuged,
washed three times with methanol, dried at room temperature,
and then activated in a vacuum dryer at 120 °C for 10 h.

The successful synthesis of the MOF materials was
confirmed by PXRD analysis (Figure 1A). Simulated XRD
patterns were also generated based on the literature (Haldoupis
et al. 2015, Jodtowski et al. 2023, Sose et al. 2021, Valenzano
etal. 2011) (Figure 1B). A comparison of PXRD patterns of the
synthesized MOF materials with literature data confirms their
high crystallinity (Bordiga et al. 2007, Jodtowski et al. 2020,
2021, 2022, 2023).

Methods

The structure of selected MOF materials was characterized
using scanning electron microscopy (SEM) and low-pressure
gas adsorption (LPA) analyses. The LPA analyses were
performed using a volumetric method on an ASAP 2020
analyzer, with nitrogen (N,) as the adsorbate at 77 K and an
absolute pressure range of 0-100 kPa. Prior to measurement,
the samples were degassed under UHV for 12 h at 353 K (Ni-
MOF-74), 378 K (MIL-140A) and 423 K (HKUST-1, UiO-
66). Based on the equilibrium sorption points, N, adsorption
isotherms and structural parameters were plotted. The
Langmuir single-layer sorption model (Langmuir 1918) and
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Figure 1. A) PXRD diffraction patterns of synthesized MOF; B) Simulated XRD of the tested MOFs based on (Haldoupis et al.
2015, Jodtowski et al. 2023, Sose et al. 2021, Valenzano et al. 2011)

the BET multilayer adsorption model (Brunauer et al. 1938)
were used to determine the structural parameters. The BJH
model (Barrett et al. 1951), based on the Kelvin equation, and
the DFT model (Olivier 1995), based on density functional
theory, were used to characterize the pore size distribution.

Sorption measurements of the MOF materials for CO, and
CH, were carried out using gravimetric method on an IGA-001
analyzer. The analyses were performed at temperatures of 278 K,
293 K, 313 K, 333 K and 353 K, with absolute pressure values
of 20 kPa, 40 kPa, 60 kPa, 100 kPa, 200 kPa, 400 kPa, 800 kPa
and 1600 kPa. Each sample was degassed in UHV at 353 K for
24 hours before measurement. Based on the obtained sorption
points, the sorption isotherms for pure CO, and CH, were plotted.

Subsequently, the isosteric heat of adsorption was
determined using the indirect Clausius-Clapeyron method
(Cimino et al. 2017, Giraldo et al. 2019, Nuhnen and Janiak
2020). Each sorption isotherm was described by a function
based on the Langmuir-Freundlich model:

_ALF*(K*p)n
B 1+ (K *p)n

where: a is the sorption capacity at the measurement
temperature and pressure, (mmol/g); 4, is the maximum
sorption capacity at the measurement temperature, (mmol/g);
K is the adsorption equilibrium constant or affinity constant,
(1/kPa); p is the absolute pressure, (kPa); 7 is the heterogeneity
exponent, (-), with a value in the range 0<n<I, where n = 1 the
corresponds to a Langmuir isotherm.

Using the values of the parameter 4,,, the Avogadro
number N, and the sitting area of the CO, molecule (wc02)7
the Langmuir-Freundlich specific surface area values were
determined:

(1)

SSALr = App * Np * wy 2

where: §54,, is the specific surface area according to the
Langmuir-Freundlich model, (m%g); N, is Avogadro’s
constant, (1/mmol); @, is the sitting area of the gas molecule:
CO, or CH,, (m?).

To determine the thermal effects accompanying the
sorption of CO, or CH, on MOF compounds, the isosteric heat
of adsorption was calculated using the Clausius-Clapeyron
equation (Myers 2002). This method relies on determining
at least two sorption isotherms at different temperatures and
fitting them with a mathematical model (in this case, the
Langmuir-Freundlich model) to find the pressure values at
different temperatures where the same amount of adsorbate is
adsorbed (Giraldo et al. 2019, Mason et al. 2014, Sircar et al.
1999). The following assumptions underlie this method: the gas
behaves as an ideal gas, and the molar volume of the adsorbed
gas is neglected (Chakraborty et al. 2009). After applying these
assumptions, the equation takes the following form:

d(Inp)

1
a(r) /,
where: O is the isosteric heat of adsorption, (kJ/mol); R

is the gaé constant, (J/((mol*K)); and T is the measurement
temperature, (K).

Qse = 3)

Results

Structural characteristic

The MOFs differ in topology, metal cations, organic ligands,
and, as a result, in their overall structure. This diversity is
evident in the SEM images (Figure 2). HKUST-1 has a lumped
structure with distinct walls, vertices and well-defined edges.
These lumps are loosely arranged in relation to each other. Ni-
MOF-74 has a vesicular structure, with the vesicles forming
conglomerates that adhere closely to one another. In UiO-66,
the particles also form conglomerates, creating interconnected
spatial structures. MIL-140A, by contrast, consists of small
plates with irregular shapes and edges.

Based on the equilibrium adsorption points of the selected
MOF structures, the N, adsorption isotherms shown in Figure
3A were plotted. These isotherms were classified as type I,
according to [IUPAC (Thommes et al. 2015).
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Figure 2. SEM images of A) HKUST-1; B) Ni-MOF-74; C) UiO-66; D) MIL-140A

Based on the N, adsorption isotherms, structural and micropores (7PV,,). In contrast, Ni-MOF-74 had lower
parameters were calculated (Table 1). UiO-66 and HKUST-1 parameter values, with an S54,, . of 685 m?*g. The lowest
had the most extensive pore structures. In UiO-66, the specific values of structural parameters were observed in MIL-140A,
surface areas, SS4,,. and SS4,, were 1037 m*/g and 1468 m?/g, which also had the smallest total pore volume (7PV). The pore
respectively, while in HKUST-1, they were 1009 m*g and size distribution, determined using the DFT model (Figure
1508 m?/g, respectively. These MOFs also had the highest 3B), varied across the MOF structures. Pore diameters ranged
total pore volumes (7PV), in terms of both mesopores (TPV, ) from 0.5 to 2 nm, confirming the microporous nature of these
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Figure 3. Structural analyses: A) N, adsorption isotherms; B) pore size distribution according to the DFT model.
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Table 1. Structural parameters

Parameter A SSA, A, SSA,., D, TPV, TPV,
Unit cm?/g STP m?/g cm?/g STP m?/g nm cm?3/g cm3/g
HKUST-1 346.41 1507.76 231.82 1009.00 3.00 0.063 0.489
Ni-MOF-74 273.00 1033.46 157.42 685.16 5.85 0.106 0.353
UiO-66 337.25 1467.92 238.35 1037.45 6.40 0.164 0.492
MIL-140A 97.82 425.77 67.95 295.76 10.59 0.023 0.149
where: A, A,.,, cm®g - total sorption capacity according to the Langmuir and the BET models; SSA,, SSA,,,, m?g - specific surface area

according to the Langmuir and the BET models; D, ,,, nm - average pore diameter according to the BJH model;
TPV, . TPV, cm*/g - total pore volume according to the BJH model and the DFT model.

materials, as defined by IUPAC (Thommes et al. 2015). In
HKUST-1 and Ni-MOF-74, the micropores were finer, with
diameters ranging from 0.6 nm to 1.2 nm, while in UiO-66,
they ranged from 1.0 nm to 1.7 nm, respectively.

Sorption and heat properties of CO,and CH,
Using gravimetric methods, equilibrium sorption points for CO,
and CH, were determined for the MOFs studied. Based on these

data, sorption isotherms described by the Langmuir-Freundlich
model were established (Figure 4A-D). Among the tested
models, this one provided the best fit to the sorption points
in the MOF structures. The MOFs showed higher sorption
efficiency for CO, compared to CH, at each measurement
temperature, which is consistent with the literature (Jodtowski
et al. 2022). Regardless of the adsorbate type (CO,, CH,), the
highest values were observed at the lowest temperature of 278

Table 2. CO, sorption parameters

Parameter, unit 278 K 293 K 313K 333K 353 K
HKUST-1
A, ., mmol/g 5.64 5.34 4.99 4.74 5.02
K, 1/kPa 0.0075 0.0051 0.0031 0.0019 0.0010
n, - 0.57 0.63 0.71 0.76 0.76
SSA,., mig 577.6 546.2 510.7 485.1 513.7
Ni-MOF-74
A, ., mmol/g 10.53 13.90 13.62 12.82 8.52
K, 1/kPa 0.0229 0.0031 0.0016 0.0013 0.0036
n, - 0.54 0.36 0.37 0.43 0.68
SSA, ., mig 1077.5 1422.9 1394.2 1312.6 872.0
UiO-66
A, ., mmol/g 16.96 17.86 14.91 12.23 9.53
K, 1/kPa 0.0010 0.0005 0.0005 0.0005 0.0005
n, - 0.68 0.68 0.74 0.80 0.89
SSA, .. m?g 1735.8 1828.7 1526.3 1251.5 976.0
MIL-140A
A, .. mmol/g 2.93 2.81 2.74 2.90 3.15
K, 1/kPa 0.0026 0.0017 0.0009 0.0005 0.0003
n, - 0.83 0.87 0.90 0.91 0.92
SSA,., mig 300.3 287.3 280.6 296.9 322.8

where: A, ., mmol/g - total sorption capacity according to the Langmuir-Freundlich model; K, 1/kPa - the adsorption equilibrium constant;
n - the heterogeneity exponent; SSA, ., m%/g - specific surface area according to the Langmuir-Freundlich model.
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K and the highest pressure of 1600 kPa. Ni-MOF-74 and UiO-
66 exhibited the highest sorption capacities for CO,, with values
ranging from 9 to 10 mmol/g (green lines in Figures 4A-D).
In UiO-66, the highest approximated value of 4,, sorption
capacity at p—oo exceeded 17 mmol/g. In contrast, the sorption
capacities for CO, in other MOFs were lower, amounting to 5.6
mmol/g (HKUST-1) and 2.9 mmol/g (MIL-140A) (Table 2).
CH, sorption capacities in all MOFs tested ranged from 1.5 to 5
mmol/g, depending on the type of material tested (purple lines in
Figures 4A-D). The highest sorption capacities for CH, at 1600
kPa were found in Ni-MOF-74 and UiO-66 MOFs, while the
lowest in MIL-140A. The approximate 4,, values at p—oo for
CH, ranged from 2.4 to 9.1 mmol/g and were less dependent on
the measurement pressure compared to CO, sorption (Table 3).
Based on the equilibrium sorption points, the specific surface
area of MOFs relative to CO, (854, ,) was calculated according
to equation (2). The degree of surface occupancy of the MOFs by
gas particles depended on both the measurement temperature and
the type of gas. The SS4,, value was highest at 293 K, with Ni-
MOF-74 reaching 1423 m*g and UiO-66 reaching 1829 m?/g.
For HKUST-1, the maximum SS4,, value was 578 m*/g at 278
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K, while in MIL-140A, it was 323 m?/g at 353 K. The calculation
results for each temperature are included in Table 2.

The specific surface area relative to methane also depended
on the measurement temperature. In Ni-MOF-74 and UiO-
66, the values were lower than those observed during carbon
dioxide sorption, ranging from 546 to 946 m?/g. In HKUST-1,
the value was similar to that observed for CO,, while in MIL-
140A, it was higher. Table 3 presents the parameter values for
CH, at all measurement temperatures.

Isosteric heat of adsorption
Conducting sorption measurements at various temperatures
allowed for the identification of energy dependencies within
the adsorbent (MOF) - adsorbate (CO,, CH,) system. These
calculations were performed according to equation (3).
Isostlers were plotted, showing the relationship between In p
and ; at a constant sorption capacity (a), and the isosteric heat
of adsorption values were obtained from the product of the
isosteric slope coefficients and R (gas constant).

Figures 5 - 8 show the dependence of the heat released
on the degree of surface occupancy of MOF compounds by
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Figure 4. CO, and CH, adsorption isotherms: A) HKUST-1; B) Ni-MOF-74; C) UiO-66; D) MIL-140A
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Table 3. CH, sorption parameters

Parameter, unit 278 K 293 K 313K 333K 353 K
HKUST-1
A, ., mmol/g 5.72 5.48 4.54 4.49 4.63
K, 1/kPa 0.0007 0.0006 0.0006 0.0004 0.0003
n, - 0.61 0.66 0.75 0.79 0.82
SSA, ., m?g 595.8 570.5 473.1 467.8 482.4
Ni-MOF-74
A, ., mmol/g 7.68 7.37 9.08 8.77 8.57
K, 1/kPa 0.0021 0.0016 0.0006 0.0005 0.0004
n, - 0.81 0.87 0.80 0.87 0.91
SSA, ., mig 800.3 767.9 945.7 913.7 892.4
UiO-66
A, ., mmol/g 8.51 8.20 6.68 6.84 5.24
K, 1/kPa 0.0007 0.0005 0.0005 0.0003 0.0003
n, - 0.90 0.90 0.95 0.92 1.00
SSA, .. m’g 886.6 854.1 695.6 712.1 546.2
MIL-140A
A, ., mmol/g 2.89 2.40 2.38 3.86 4.71
K, 1/kPa 0.0008 0.0007 0.0004 0.0002 0.0001
n, - 0.96 1.00 0.98 0.99 1.00
SSA,., m?g 300.7 250.1 2477 402.0 490.4

where: A, ., mmol/g - total sorption capacity according to the Langmuir-Freundlich model; K, 1/kPa - the adsorption equilibrium constant;
n - the heterogeneity exponent; SSA, ., m?/g - specific surface area according to the Langmuir-Freundlich model.

carbon dioxide (Figures 5A, 6A, 7A, 8A) and methane (Figures
5B, 6B, 7B, 8B). In most of the MOFs studied, the isosteric
heat associated with CO, adsorption ranged from about 41-47
kJ/mol at the lowest sorption capacity to 26-30 kJ/mol at the
maximum sorption capacity relative to CO, (Table 4). Only in
MIL-140A were these values notably lower. The changes in the
isosteric heat of adsorption with increasing CO, particle filling
ranged from 5 kJ/mol in MIL-140A (Figure 8A) to 15 kJ/mol in
HKUST-1 (Figure 5A). Such a low value indicates the dominant
role of dispersion interactions in the CH,-MOF system.

The thermal effects accompanying methane adsorption
were smaller than those observed for carbon dioxide adsorption.
The highest value of isosteric heat of adsorption was calculated
in HKUST-1, with a maximum of 42 kJ/mol (Table 4). In the
other MOFs, the Q7 values were lower, ranging from 21-26
kJ/mol. The difference in Q! values between the lowest and
highest sorption capacities varied depending on the type of
MOF. As the filling of CH, molecules increased, the changes
ranged from 1.4 kJ/mol in MIL-140A (Figure 8B) to 17 kJ/mol
in HKUST-1 (Figure 5B).

Almost all isosteric heat of adsorption curves (Figures 5-8)
have a smooth course and indicate energy homogeneity of the
adsorbents with respect to CO, and CH,. The exception is the
CO, adsorption curve for UiO-66 (Figure 7A), where deviations
from the trend line of isosteric heat of adsorption of CO, are

noticeable. These deviations suggest energy inhomogeneity of
the adsorbent during CO, adsorption.

Table 4. shows the isosteric heat of adsorption (Q?)
values at “zero occupancy”, i.e. at the lowest sorption
capacity. Additionally, the thermal selectivity values for the
two gases relative to each other Slvg,,;;, were calculated.
The highest selectivity of Q° for CO, relative to Q° for CH,
was found in UiO-66 (1.9) and Ni-MOF-74 (1.7). In MIL-
140A and HKUST-1, the selectivity values were 1.46 and 1.1,
respectively.

Table 4. Isosteric heat of adsorption at lowest sorption
capacity and thermal selectivities of CO, relative to CH,

Q°, kd/mol
MOF co CH SVeochp -
2 4
HKUST-1 46.66 4212 1.1
Ni-MOF-74 43.66 25.72 1.70
UiO-66 41.06 21.62 1.90
MIL-140A 31.22 21.39 1.46
where: Q?,, kdJ/mol - isosteric heat of adsorption;
Schoz/ca,, - thermal selectivity of CO, with respect to CH,.
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Figure 8. Isosteric heat of adsorption on MIL-140A: A) CO, adsorption; B) CH, adsorption

Discussion

Four MOFs with different chemical structures and properties
were selected for the study; hence the values of structural
and sorption parameters determined for them differed. Gas
sorption isotherms (CO, and CH,) obtained for these MOFs
were characterized as type I isotherms, according to IUPAC
(Thommes et al. 2015). The sorption capacities at pressures
up to 1600 kPa, as well as the maximum sorption capacity
A, at p — oo, were determined. These parameters reached
their highest values at the lowest temperature, and their value
decreased with increasing temperature, according to the
literature (Jodtowski et al. 2022).

In HKUST-1, the maximum sorption capacity 4, , relative
to CO, was 5.6 mmol/g, and the sorption capacity for CH, was
at a similar level. In the Ni-MOF-74 study, surprising results
were obtained, as it was one of the two best MOFs in terms of
sorption capacity for both CO, and CH,. Ni-MOF-74 exhibited
sorption parameter values twice as high as those of HKUST-1.
However, Ni-MOF-74 had lower structural parameter results
(854,,,= 685 m*/g), while HKUST-1 and UiO-66 had SS4,,,.
values of 1009 m?g and 1037 m%g, respectively. These
structural results indicated that HKUST-1 and UiO-66 had the
largest pore space, suggesting the highest sorption potential
towards gases.

UiO-66 showed a slightly higher sorption capacity for CO,
than Ni-MOF-74, with a maximum sorption capacity 4,, of
17.0 mmol/g at 278 K. However, in terms of CH, adsorption
efficiency, UiO-66 was slightly weaker than Ni-MOF-74, as
indicated by the shape of the isotherms and the parameters
obtained. In MIL-140A, the adsorption efficiencies for CO,
and CH, were approximately two times lower than those
of HKUST-1 and about four times lower than those of Ni-
MOF-74 and UiO-66. MIL-140A also had the least developed
pore space and the lowest values of structural parameters.

The differences in sorption efficiency for CO, and CH,
in the MOFs studied can be attributed to their selective gases
sorption. This efficiency depends, among other things, on the
kinetic diameter of the gas molecules and the sorption affinity.
Since carbon dioxide has a smaller kinetic diameter than

methane and a higher sorption affinity in MOFs, it is able to
penetrate the finest pores that are inaccessible to methane.
The isosteric heat of adsorption Q° curves for all
MOFs followed a pattern typical of microporous adsorbents
(Wierzbicki 2019). The highest values of this parameter
was observed at the lowest sorption capacities for both CO,
and CH,. Energy homogeneity of the adsorbent surface was
observed in almost all cases, except during CO, adsorption
in UiO-66, where this homogeneity was disrupted. The Q?
values highlighted structural differences between the studied
MOFs, with the values being higher for CO, than for CH,. The
highest isosteric heat of adsorption for both CO, and CH, was
calculated for HKUST-1, followed by Ni-MOF-74 and UiO-
66, particularly for CO, sorption. MIL-140A showed the lowest
heat effects. The changes in the isosteric heat of adsorption for
CO, as the adsorbate loading increased ranged from of 5 to 15
kJ/mol, while for CH, they were 1.4-17 kJ/mol, respectively.
Due to the varying Q° values depending on the type of
adsorbate, the level of thermal selectivity for CO, over CH,
was determined in the MOFs studied. UiO-66 and Ni-MOF-64
had the highest selectivity, while HKUST-1 had the lowest.

Conclusions

The aim of the research presented was to determine the
relationship between the sorption processes of selected GHGs
on MOF compounds differing in topology and chemical
composition, and their structural properties. Investigating
the energetic aspects of sorption is an important part of the
methodology for characterizing MOFs structures, enabling
qualitative and quantitative analysis of the interactions between
them and selected GHGs.

The isosteric heat of adsorption helps clarify the phenomena
observed during structural and sorption measurements,
addressing uncertainties that often remain unresolved. This
was clearly demonstrated with Ni-MOF-74, which, based on
structural characterization alone, was expected to perform
worse than HKUST-1 and UiO-66 as an adsorbent. However,
sorption studies revealed that it was more efficient in GHG
accumulation. Without considering the isosteric heat of
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adsorption, it would have been impossible to detect the energy
inhomogeneity during CO, sorption on UiO-66. These results
showed that only by obtaining comprehensive structural,
sorption and thermal characterization can the properties of the
sorbent be fully evaluated.

The work was conducted in the Strata Mechanics Research
Institute of the Polish Academy of Sciences and was supported
by the Ministry of Science and Higher Education.
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Adsorpcja wybranych gazéw cieplarnianych na zwigzkach metaloorganicznych MOF
w kontekscie towarzyszacych jej efektéw cieplnych

Streszczenie. Efekty termiczne towarzyszace sorpcji gazu na materiatach mikro- i mezoporowatych dostarczaja
unikalnych spostrzezen na temat rodzaju, przebiegu i efektywnos$ci sorpcji. W niniejszym artykule zsyntetyzowano
i zbadano zwiagzki metaloorganiczne (MOF) o skrajnie roznej topografii i budowie chemicznej: HKUST-1,
Ni-MOF-74, UiO-66 i MIL-140A. MOFy te scharakteryzowano strukturalnie i sorpcyjnie wzgledem wybranych
GHG. Okreslono pojemnosci sorpcyjne wzglegdem CO, i CH, w kilku temperaturach i ciSnieniach pomiaru oraz
okreslono maksymalng pojemno$¢ sorpcyjng zgodnie z modelem Langmuira-Freundlicha. Wyznaczono efekty
cieplne towarzyszace adsorpcji poprzez parametr izosterycznego ciepta sorpcji. Dla kazdego z MOFow wartosci
izosterycznego ciepta adsorpcji byly wyzsze wzglgdem CO,, niz wzglgdem CH,. Wartosci tego parametru
okreslono w nastgpujacej kolejnosci: HKUST-1 > Ni-MOF-74 > UiO-66 > MIL-140A. W prawie kazdym
przypadku zaobserwowano jednorodno$¢ energetyczng powierzchni adsorbentu, poza UiO-66 podczas adsorpcji
CO,. Zmiany wyznaczonego izosterycznego ciepta sorpcji CO, wraz ze wzrostem pojemnoSci sorpcyjnej byty
w zakresie 5-15 klJ/mol, natomiast wzgledem CH, wyniosty odpowiednio 1.4-17 kJ/mol. Okreslono poziom
selektywnosci cieplnej CO, wzglgdem CH,. Najwyzsza selektywno$¢ posiadaty UiO-66 (1.9) oraz Ni-MOF-74
(1.7), natomiast najnizszg MIL-140A (1.5) i HKUST-1 (1.1).



