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ABSTRACT

Adsorption utilising porous solid adsorbent has been considered a feasible option for
conventional CO, absorption over the past few decades. As a preliminary investigation towards
obtaining Metal-Organic Frameworks (MOFs) adsorbent for CO, capture, the CO, adsorption
efficiency using mono- and bimetal-based MOFs was assessed in this study. Among the numerous
MOFs, Mg-MOF-74 exhibits the best CO, uptake at low pressures because of its open metal sites.
A strategy to incorporate Zn in Mg-based MOF as a co-metal node is required to enhance the
CO, adsorption performance of solid adsorbent. Selecting Zn as a metal node in MOF synthesis
allows for the creation of stable, versatile, and functional materials for CO, adsorption. Therefore,
combining several metals in a structure to develop a new MOF with an improved gas uptake is
quite a useful approach to further harness the immense potential of MOFs. This study aims to
compare the performance of mono- and bimetallic-MOFs and select the most suitable adsorbent
for CO, capture. The performance of CO, adsorption was conducted using three parameters: the
effect of metal loading on MOFs, pressure (1-5 bar) and adsorbent dosage (0.2-0.5g). Based
on the characterisation findings, the studies confirm the formation of Mg-MOF-74, Zn-
MOF and 50wt.%Zn/50wt.%Mg-MOF. Overall, it was found that the bimetal adsorbent with
50 wt.%Zn/50wt.%Mg-MOF displayed the highest CO, adsorption capacity (323 mgcoy/Ludsorbent)

when compared to the monometallic MOFs
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INTRODUCTION

Solid adsorption has been identified as one of the most capable technologies for collecting
or storing gas because of its low energy usage, importance to the environment and
outstanding recyclability (Wang et al., 2016). The major driver in employing adsorption
technology is to meticulously manufacture the appropriate permeable adsorbents. Of the
under-studied adsorbents, comprising zeolites (Bao et al., 2011; Yang et al., 2013), porous
carbons, Covalent-Organic Frameworks (COFs) (Li et al., 2015; Wang et al., 2014) and
Hyper Cross-linking Polymers (HCPs) (Cui et al., 2017; Saha et al., 2017), Metal-Organic
Frameworks (MOFs) are distinguished by their great surface area, modifiable pore size, and
tuneable surface feature. With their nanoscopic pores and exceptionally superior surface
areas, MOFs are outstanding substances for gas capture and storage. MOFs possess well-
ordered and characterised permeable configurations and amendable chemical functionality
that can be altered based on our requirements. Using various metal clusters and organic
ligands, or both can also enhance the CO, selectivity of MOFs. An attentive selection of
organic ligands and multi-metal units known as Secondary Building Units (SBUs) permit
the assembly of MOF with the required properties and structural classes (Xin et al.,
2011). Taking into account the capacity and usefulness of the carboxylate group, which
illuminates strong co-ordination links and generates abundant structural patterns, organic
multi-carboxylate ligands in various shapes, sizes, and rigidity/flexibility have been utilised
to develop MOFs with diverse dimensions and varied topologies (Sumida et al., 2012).
MOFs have been extensively examined for their ability to store and separate H,, CH,, CO,,
and hydrocarbons (Barea et al., 2014).

The combination of metal nodes in the framework of MOFs also enormously increases
CO, adsorption by tuning and optimising the adsorptive properties and enhancing the
electrostatic potential of the material. Of the known metal nodes, Mg and Zn are intensively
investigated for CO, adsorption. It is mostly owing to the existence of open metal centres
allowing themselves to be possible CO, adsorbents (Yu et al., 2012) and a thermally and
chemically unchanging structure with extraordinary porosity (for example, huge volume
of pores and surface area) which can be utilised as an appealing hosting material for p
complexation adsorbents (Kim et al., 2018; Vo et al., 2019). Yazaydin et al. (2009) examined
M-MOF-74 (M = Ni, Zn, Co, and Mg)’s capacity to adsorb CO, through simulation and
experimental practices at 1 atm and 25°C and Mg-MOF-74 showed the highest adsorption
rate of CO,, with a maximum of 8 mmol-g™'. According to Bao et al. (2011), Mg-MOF-74
has a CO, intake much higher than zeolite 13X, reaching 8.61 mmol-g'. According
to Tapiador et al. (2022), Zn-URJC-8 is a novel Zn-based MOF material that exhibits
promising results in CO, conversion in added-value products. According to Zou et al.
(2016), Zn-MOF showed an excellent ability to adsorb tiny molecular gases (CH,, C,Hg,
and C;H;) and a remarkable ability to separate CO,/CH,, C,Hs/CH,, and C;Hg/CH,. At
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273 K under 1 atm, this adsorbent can adsorb CO, at a rate of 92.1 cm®.g"!. Recent studies
have concentrated on improving adsorbents and developing efficient processes to ensure
profitable capture performance. Capturing and separating CO, from a large volume of flue
gas is always costly and energy-intensive; consequently, more effective adsorbents need to
be developed in relatively concentrated streams. The performance of adsorbents currently
available for CO, capture technologies requires improvement in terms of adsorption
capability, lifespan and multi-cycle sustainability. New high-efficiency adsorbents need to
be developed to capture CO, in technologically efficient systems. Based on Mg-MOF-74
and Zn-MOF’s excellent CO, adsorption capability, a bimetallic approach was proposed
to enhance its CO, adsorption capability.

In bimetallic MOFs, two inorganic metallic nodes integrate two monometal MOFs.
Bimetal MOFs significantly outperform their respective monometallic MOFs (Xie et
al., 2020; Zhu et al., 2016) by using one-pot syntheses to produce them, which involve
mixing various metals with appropriate ligands and linkers or by implementing post-
synthetic changes by dipping a monometal MOF into a concentrated solution of a diverse
(but compatible) metallic ion. These bi-metal MOFs have synergic effects and enhanced
properties over their monumental counterparts, such as better adsorptive selectivity, selective
catalysation and structural stability. Whereas Mg-MOF-74 bimetal is used extensively in
thermocatalysis (Gao et al., 2021; Zurrer et al., 2021), its use in CO, adsorption is limited.
Zhang et al. (2022) reported on mercury removal using bimetallic iron-copper-based Metal-
Organic Frameworks (Fe-Cu-MOFs). The analysis of adsorption kinetics indicates that
Fe-Cu-MOFs have a mercury equilibrium adsorption capability of 12.27 mg.g"!. Kaur et
al. (2016) presented the findings of the formulation of Co-Zn—ZIF-8 bimetal adsorbents.
The incorporation of Co?* resulted in a 33% increase in pore volume and a 40% increase in
surface area through their work. Co-Zn-ZIF-8 bimetal adsorbents also exhibited increased
CO, adsorption under environmental conditions. These findings confirmed the advantages of
synthesising bi-Metal Organic Frameworks for the development of MOF applications. Ling
et al. (2022) stated that MgxCu,_-MOF-74’s CO, adsorption capability was exceptional
when prepared at 398 K and for 24 hours in the dimethyl-formamide (DMF)-EtOH-
MeOH mixture’s solvents. The CO, sorption of Mg, ,Cuys-MOF-74 increased the most
when exposed to an Xe lamp for 24 hours, reaching 3.52 mmol.g. It surpassed that of
Mg- and Cu-MOF-74 by 1.18 and 2.09 times, respectively. The interaction between Mg
and Cu metals resulted in a stronger photostability of Mg,Cu, ,-MOF-74 for CO, uptake
and a wider range of photocatalytic applications. The “bimetal” approach has significant
potential for usage in MOFs and provides an achievable adsorbent design method with
outstanding CO, adsorption capability.

Within this context, this work presents the findings of a comparative study of the
CO, adsorption efficiency of mono- and bimetal-based MOF adsorbents in the post-
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combustion process to understand the CO, adsorption performance of MOFs when
employed as solid adsorbents for the purpose of capturing CO,. The results documented
in this study could help optimise the CO, adsorption capability of MOF for CO, capture.

METHODOLOGY
Materials

The selected adsorbents were synthesised using magnesium nitrate hexahydrate Mg
(NO;),°6H,0, 2,5-dihydroxyterephthalic acid, Dimethylformamide (DMF), ethanol,
methanol, Zn (NOs),-6H,0, CO, and deionised water. The chemicals were procured from
Capital Eng. Resource Sdn Bhd was used directly in the experiments without additional
purification.

Formulation of Adsorbents

Formulation of Mg-MOF-74, Zn-MOF and Mg/Zn-MOF

The Mg-MOF-74 adsorbent was produced employing the impregnation approach by
dissolving 2,5-dihydroxyterephthalic acid into 12 mL of ethanol at an ambient condition.
Subsequently, 0.795 g of magnesium nitrate hexahydrate in 12 mL of water was added into
the synthesised mixture to develop Mg-MOF-74, followed by continuously stirring and
drying to 120°C overnight. The powder was calculated in a furnace at 200°C for 1 hour.
This method was repeated by changing 0.795 g of Zn (NOs),-6H,0 to 12 mL of water as
the metal group for MOF.

In the case of bimetallic adsorbent, the specific amounts of magnesium nitrate
hexahydrate and Zn (NO;),"6H,0 (15-85 wt.% of metal ions in MOF) were dissolved in
a beaker containing 12 mL of deionised water. Then, 2,5-dihydroxyterephthalic acid in 12
mL of ethanol was mixed into this aqueous mixture and was stirred constantly on the hot
plate until the mixture mixed well. After impregnation, the samples were dried at 120°C
for 12 hours before being calcined at 200°C for one hour in a muffle furnace.

Structural Characterisations

Information on powdered XRD from different adsorbents was gathered by Geigerflex
(Rigaku, Inc) diffractometer employing Cu Ka radiation (0.154 nm) with scanning between
5.00 and 40.00 (2h) (variables: voltage (45 kV), current (35 mA), step size (0.020), and
1.2 min™'). SEM pictures were acquired by means of a Hitachi S-2600 N scanning electron
microscopy. The EDX analyses were done using the same instrument and parameter as the
SEM at two different locations using the images obtained from SEM analyses. A Bruker
Vector 22 FTIR spectrometer was employed to collect FTIR spectra within the frequency
limit of 4000-500 cm™'. N, adsorption/desorption isotherms were achieved at 77 K on a
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Coulter CX-300 adsorption device. The specimen was degassed at 105°C for 24 hours by
means of a high vacuum line before N, adsorption. The BET surface area was defined in
the P/P, limit from 0.02 to 0.25 since the pores were occupied at extremely low relative
pressure.

Gas Sorption Measurements

As shown in Figure 1, a cylindrical metal vessel was used as a device to perform the gas
sorption process. This device was connected to the flow lines of CO, and N, tanks. Before
the adsorption process started, N, gas was flowing to purge out all the impure components
in the device. After the purging, the CO, valve was opened and led to fill in the device. The
concentration of pure CO, gas was collected first without adsorbents in the device to attain
the concentration of pure CO,. Before setting the operating temperature and pressure, the
device was loaded with the required amount of adsorbent. After the adsorbent was loaded
into the device, CO, flowed and achieved the required pressure, and the CO, adsorption
process took place.

— Sample
CO,
-
L
CO: collected using
gas sampling bag
before analsyed
using GC
ey
e

Figure 1. A schematic diagram of the CO, adsorption test set-up

The exit gas was collected using a gas sampling bag to determine the total CO, adsorbed
onto the adsorbent during a specific time interval, and the concentration was identified using
Agilent 6890 FID gas chromatography. The amount of CO, sorbed over a given timespan
was determined using Equation 1:

c,-c )y [1]

m

4. =

where ¢, C, V and m are the quantity of CO,sorbed per dosage of adsorbent (mg.g"),
CO, concentration, volume of the device (L) and dosage of the adsorbent (g), respectively.
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The subscripts o and ¢ indicate the conditions at the initial and CO, concentrations at
interval time.

Effect of Pressure

CO, adsorption was run at 0.2 g of adsorbent amount, ambient temperature, and 50 wt.%
Mg/50 wt.% Zn-MOF of metal loadings to study the influence of adsorption pressure (1-5
bar).

Effect of Amount of Adsorbent

The study examined the effect of the amount of adsorbent on CO, uptake by varying the
amount used (0.2, 0.3, 0.4 and 0.5 g) while maintaining pressure, temperature, and metal
loading on MOF constant at 5 bar, ambient temperature and 50 wt.% Mg/50 wt.% Zn-
MOF, respectively. The CO, adsorption was run in the reactor and analysed periodically.

Effect of Metal Ions Loading on MOF Adsorbent

The CO, adsorption process involved studying the impact of metal ion loading on the
MOF. Different metal ion loadings (15-85 wt.%) for Mg and Zn were added along with
CO, gas. The experiment’s parameters were maintained at the optimum level of adsorbent
dosage and pressure.

RESULTS AND DISCUSSION

Characterisation of the Prepared Adsorbents

Crystallographic Structure and Chemical Composition Analysis

Apart from the particles’ specific surface area, the crystallinity of particles plays a role
in CO, adsorption. Understanding the crystallinity of a material through crystallographic
structure analysis provides valuable insights into its structural properties, which in turn affect
its adsorption behaviour (Lee et al., 2012). Figure 2 indicates that the diffraction profile of
Mg-MOF-74 was well aligned with the work described in the previous study (Campbell &
Tokay, 2017). The blue line showed characteristic peaks at 15.60° (101) and 20.30° (202),
confirming the formation of Mg-MOF-74. The existence of these distinctive bands, together
with the presence of magnesium nitrate hydrate in the adsorbent, indicate that Mg-MOF-74
has been successfully formulated. The XRD pattern agreed with the Powder Diffraction
Files (PDFs) (Reference No. 00-001-0349). Additionally, the crystalline structure of Mg-
MOF-74 is confirmed by the sharp bands in this pattern. Crystalline structure tends to be
more stable thermally and chemically, which can be advantageous in adsorption processes
that involve harsh conditions. This crystalline material might have specific, high-energy
sites that can strongly bind adsorbates (Lee et al., 2012).
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The main peaks of the diffraction scheme for Zn-MOF (orange line) were obtained at
2 0 values of around 11.05° (022), 13.58° (001), 16.70° (013), 19.10° (111), 25.40° (002),
28.90° (100) and 30.40° (044) that correspond to simulated XRD patterns, proving that the
structure complies with the studies that have been reported (Bagheri et al., 2018; Li, 2021).
Based on Figure 2, high-intensity peaks were indicating the crystallinity of Zn-MOF. The
phase identification of the sample shows zinc nitrate hydroxide was identified as the main
phase in Zn-MOF (PDF reference No. 04-014-0671).

The XRD patterns of 50 wt.% Mg/50 wt.% Zn-MOF (grey line) were well in line with
those of Mg- or Zn-MOF. 50 wt.% Mg/50 wt.% Zn-MOF exhibited significant diffraction
bands at 26 = 13.30° (100), 20.55° (202), 21.90° (100), 25.52° (012), 27.60° (002), 33.10°
(101) and 36.60° (012), which match those of the reported MOF-74 (Kahr et al., 2013; Tan
etal., 2014). The phase identification of the sample 50 wt.% Mg/50 wt.% Zn-MOF shows
a combination of more than one phase, with main phases of magnesium nitrate hydrate
(PDF reference No. 00-001-0349) and zinc nitrate hydroxide (PDF reference No. 04-014-
0671) developing from the co-ordination reaction of Mg, Zn, and DMF (Li et al., 2021).
The replacement of Mg by Zn has no impact on the crystalline structure of Mg-MOF-74
or Zn-MOF, and 50 wt.% Mg/50 wt.% Zn-MOF is successfully synthesised.

10000
(202) ——— Mg-MOF
Zn-MOF
8000 50 wt% Zn- 50 wt% Mg-MOF
= 6000
s (0
Z
2 4000
g (100)
B (202) 515, (101)(012)
2000 F ( 02}
(100)
0 'l Il 'l 'l 'l
10 20 30 a0 50 60 70

2-Theta (°)

Figure 2. XRD patterns of Mg-MOF-74, Zn-MOF and 50 wt.% Zn/50 wt.% Mg-MOF

Surface Functional Group Analysis

This analysis was carried out to discover the surface functional groups of single and
bimetallic adsorbents, as shown in Figure 3 and Table 1. All vibrations can be separated
into two distinct zones based on the MOF’s co-ordination characteristics (Abooali et al.,

Pertanika J. Sci. & Technol. 33 (1): 441 - 464 (2025) 447



Nor Khonisah Daud and Nurul Huda Insyirah Muhammad Najib

2020; Romero-Muiiiz et al., 2020). The characteristic vibrations over the 700 cm™' zone
are organic ligands, and regions under 700 cm™ have their place primarily in the metallic
centres of Mg and Zn (Abooali et al., 2020)—the findings of Mg-MOF-74 (blue line), Zn-
MOF (orange line) and 50 wt.% Mg/50 wt.% Zn-MOF (grey line) show a significant peak at
3369.19,3233.49, 3483.57,3346.10 and 3241.15 cm™! which are attributable to the hydroxyl
group of H-bonded OH broad stretching. Moreover, the absorption bands at 2411.19,
2364.30, 2360.82, 2193.70, 2123.58, 2191.64, 2161.60, 2113.03, 2081.92, 2007.90,
1994.76, 1988.95, 1944.88, 1963.16, 1779.05, 1647.56, 1646.90, 1624.93, 1577.57 and
1550.32 cm™ appeared in the Mg-MOF-74, Zn-MOF and bimetal 50 wt.% Mg/50 wt.%
Zn-MOF were ascribed to the vibration modes in the nitrile bond C=N, O-H stretching
vibrations caused by the intermolecular hydrogen bond of polymer compounds such as
alcohols, phenols and carboxylic acid as well as aromatic C=C in-plane deformations
peaks. A nitrile functional group C=N is derived from DMF solvent (Heravi et al., 2018).
A number of sharp and clear absorption bands were detected at 1491.85, 1375.52, 1341.25,
1311.79, 1051.71, 1038.78, 1024.28, 1011.22, 819.05, 818.58, 804.31, 803.29 and 730.07
cm!, that were assigned to v(—C=0), v(—~COO-), and v(C-H) of benzene rings (Abooali et
al., 2020; Gao et al., 2021). Carboxylic functional groups found in adsorbents contribute to
the ‘breathing effect’ as an outcome of the intra-framework interaction, which improves
the CO, adsorption capability of the adsorbent (Serre et al., 2007). The characteristic peaks
at 580 and 373 cm™' could be referred to as the metal cations, Mg* and Zn?* in the Mg-
MOF-74, Zn-MOF and 50 wt.% Mg/50 wt.% Zn-MOF (Wang et al., 2021). All adsorbents

105

100

95

92

8

Transmittance (%)

80 —— Mg-MOF
Zn-MOF
50 wt% Mg-50 wt% Zn-MOF

75 F

70 'l 'l 'l 'l 'l 'l
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm?)

Figure 3. Surface functional group patterns of Mg-MOF-74, Zn-MOF and 50 wt.% Zn/50 wt.% Mg-MOF
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obtained exhibit the aforementioned characteristic peaks (Figure 3) (Li et al., 2021), which
proves that Mg-MOF-74, Zn-MOF and 50 wt.% Mg/50 wt.% Zn-MOF crystals were
successfully synthesised.

Table 1
Wavenumber of Mg-MOF-74, Zn-MOF and 50 wt.% Mg/50 wt.% Zn-MOF adsorbents

Wavenumber (¢cm-1)
Mg-MOF-74  Zn-MOF 50 wt.% Mg/50 wt.% Zn-MOF Functional Group

3369.19 3233.49 3483.57 Hydroxyl (O-H)
3346.10
2360.82 2364.30 3241.15 Carboxylic Acid (O-H), C=N, C=C
2191.64 2193.70 2411.19
2161.60 2123.58 2360.48
2081.92 1988.95 2113.03
2007.90 1936.16 1994.76
1944.88 1624.93 1779.05
1647.56 1550.32 1646.90
1577.57
1491.85 1311.79 1341.25 v(~C=0), v(~CO0-), and v(C—H)
1375.52 1024.28 1051.71
1038.78 803.29 1011.22
819.05 818.58
804.31
730.07
580.00 580.00 Mg-O
373.00 373.00 Zn-0

Surface Morphology Analysis

The morphology of single and bimetallic 50 wt.% Mg/50 wt.% Zn-MOF were analysed
through a Scanning Electron Microscope (SEM) analyser at different magnifications, as
displayed in Figure 4. As indicated by Figure 4, there is a notable contrast in the surface
morphology of the adsorbents. Irregular and favourably porous networks full of pores,
flaws, and cracks are seen in the Mg-MOF-74 images (Figures 4(a) and (b)). The produced
Mg-MOF-74 has a few voids attributed to the devolatilisation of inorganic materials
primarily attached to the adsorbent wall. The images displayed in Figures 4(c) and (d)
reveal Zn-MOF with a rough surface and some agglomerations. Figures 4(e) and (f) clearly
demonstrate that 50 wt.% Mg/50 wt.% Zn-MOF’s morphology has a similarity to those of
the reference adsorbents but with an extra coral reef-like structure after the Zn>* ions were
introduced into the Mg-MOF-74. Therefore, the morphology of MOFs was significantly
influenced by the presence of Zn*" in the reaction solution, which is similar to that in a
previous report by Yang et al. (2014).
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Figure 4. SEM pictures for (a) Mg-MOF-74 (Magnification = 600x), (b) Mg-MOF-74 (Magnification =
2000x), (c) Zn-MOF (Magnification = 2000x), (d) Zn-MOF (Magnification = 1000x), (e) 50 wt.% Zn/50
wt.% Mg-MOF (Magnification = 1000x), and (f) 50 wt.% Zn/50 wt.% Mg-MOF (Magnification = 2000x)

Elemental Composition Analysis

The dissemination of the major components in the mono- and bi-metal 50 wt.% Mg/50
wt.% Zn-MOF was investigated by performing elemental composition analysis employing
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an energy-dispersive X-ray analyser (EDX), and the results are shown in Table 2. The
findings propose that the major components in the single (Zn-MOF and Mg-MOF-74)
and bimetallic 50 wt.% Mg/50 wt.% Zn-MOF adsorbents, including Mg, Zn, C, and O,
are uniformly distributed on the exterior of the solid materials. These well-distributed
components offer significant active spots for CO, adsorption.

Table 2
Chemical Composition of Zn-MOF, Mg-MOF-74, and 50 wt.% Mg/50 wt.% Zn-MOF

Elements Mass (%)
Mg-MOF-74 Zn-MOF 50 wt.% Zn/50 wt.% Mg-MOF
o 69.13 41.73 59.37
Mg 15.26 - 7.64
C 15.60 11.77 4.4
Zn - 46.50 28.59
Surface Area Analysis

The N, adsorption-desorption multipoint was used to evaluate the N, physisorption
isotherms of the synthesised adsorbents at 77 K. The findings are depicted in Figure 5.
According to the IUPAC class, the isotherms of all adsorbents are in category IV and
have an H3 hysteresis loop that shows the occurrence of mesoporosity within all prepared
adsorbents. Table 3 presents the samples’ surface area, pore volume, and average pore
size. CO, loading onto adsorbents is mediated through physical adsorption, which largely
determines its adsorption by characteristics such as specific surface area and crystallinity
(Lee et al., 2012). Comparatively, 50 wt.% Mg/50 wt.% Zn-MOF has a larger specific
surface area than other adsorbents. This may be due to more mesopore structures and
smaller crystal sizes in this material. The large surface area facilitates CO, uptake. In Table
3, the surface area is 50 wt.% Mg/50 wt.% Zn-MOF was approximately 3.13% bigger than
that of Zn-MOF and 0.86% bigger than that of Mg-MOF-74. Zn-MOF had the minimum
surface area and mesopore volume. This finding is consistent with the previous reports by
Ling et al. (2022), Li et al. (2021) and Sun et al. (2019). The increase in specific surface
area of 50 wt.% Mg/50 wt.% Zn-MOF can be attributed to the slight difference in cation
radius and co-ordination modes between Mg and Zn cations. When constructing infinite
structural units, bimetallic structures increase porosity and surface area. Present results
are consistent with those expected because heavier transition metal substitution increases
surface area (Villajos et al., 2015). Considering the double atomic mass of Zn with respect
to Mg, the increase of surface area by bimetallic co-ordination in MOFs should be higher
in terms of molar equivalent. It is thought that more vacancies might be created in the
framework when a second metal ion was introduced, which includes lattice distortion
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and locally unbalanced co-ordination, consequently resulting in higher porosity or higher
lamellar charge (Vuong et al., 2013).

Notably, many MOF-74 have been reported with BET surface areas of more than 700
m?/g, with the highest surface area reported for MOF-74 approaching 1900 m?/g. While
the surface areas of these prepared adsorbents fall short of the highest values achieved
for MOF-74, this suggests that the comparatively low surface areas measured to date for
prepared adsorbents are not an inherent limitation of their molecular nature. Following
solvent exchange during the preparation of MOF materials, activation protocols that
circumvent material decomposition and ensure complete removal of solvent guests are
critical. Because the open metal sites in MOFs are of paramount importance for CO,
adsorption, it is critical to completely free the metal sites of bound solvent during activation.
If these methods are not performed properly, activation can cause structural collapse,
thereby diminishing porosity and reducing material surface area (Deegan et al., 2021).
In this study, the BET surface areas for all prepared adsorbents appear quite low; this
might be due to the employment of temperature during the activation process (~200°C),
below the optimum temperature for DMF removal. Valenzano et al. (2011) showed via IR
and EXAFS that dehydration of the Zr-cluster begins upon activation at 250°C and was
completed at 300°C. The IR data indicated that the material was free of DMF by 250°C,
indicating that this was the optimal activation temperature for solvent removal without
changing the material structure. Indeed, this produces a high surface area of 1187 m?/g.

Figure 5 shows the isotherm linear plot for CO, adsorption and desorption of different
prepared adsorbent samples. According to the IUPAC classification (Kahr et al., 2013),
pores are classified into mesopores with pore diameters in the range of 2 to 50 nm. Table
3 reveals that all adsorbents have pores ranging in size from 2.6 to 6.5 nm. In addition,

1
0.8 |~ 50 Wt%Me-50wt%zn-MOF
1 —e— Mmg-MoOF

Zn-MOF

0 = i ¥ L 'l 'l L
0 0.2 0.4 0.6 0.8 1 1.2

Quantity adsorbed (mmol/g)

Relative pressure (P/Po)

Figure 5. N, adsorption/desorption isotherms for Zn-MOF, Mg-MOF-74 and 50 wt% Zn/50 wt% Mg-MOF
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as expected, the smaller pore size of 50 wt.% Mg/50 wt.% Zn-MOF relative to parental
adsorbents is apparent.

Table 3
Textural parameters for Zn-MOF, Mg-MOF-74 and 50 wt.% Zn/50 wt.% Mg-MOF attained from the
N, adsorption isotherm at 77 K

Sample BET surface area (m2g-1) Pore size (A) Pore volume (cm3g-1)
50 wt.% Zn/50 wt.% Mg-MOF  16.1695 26.6103 0.010757
Mg-MOF-74 8.7069 65.5707 0.014273
Zn-MOF 3.9186 38.5605 0.003778
CO, Adsorption

Influence of Different Metal Loading on MOF

The ability of single and bimetallic MOFs to adsorb CO, was assessed through the CO,
adsorption analysis approach. The quantity of adsorbed CO, was determined per analysis,
and the CO, adsorption value was employed to assess the performance of various adsorbents.
Figure 6 illustrates the CO, adsorption capabilities of bi-metal MOF and pristine MOF.
Since these adsorbents can be prepared fairly easily, and the metals studied to ensure that
the characteristic properties of the MOF are preserved, like crystalline structure, thermal
stability, and comparatively high surface area, it is therefore vital to investigate the ability
of these materials to adsorb CO,. As can be seen in Figure 6, it is notable that the Zn-MOF
and Mg-MOF-74 are capable of obtaining CO, at 134.55 and 122.08 mg/g, respectively,
but bimetallic MOF has significantly higher adsorption capacities. In this present study,
an Mg-MOF-74 acts as a parent structure and exhibits excellent CO, adsorption under
ambient temperature and mild pressure conditions. However, adding another metal ion, such
as Zn*', as the bimetallic strategy is feasible for adsorbent design to achieve remarkable
CO, adsorption capacity in the future. In principle, it is thought that mixed-metal MOFs
can offer several advantages over monometallic MOFs by providing complexity and
introducing functionality derived from the different metal ions in the MOF structure, and it
is predicted that the adsorption performance of bimetal MOFs will be beyond that achieved
by homometallic MOFs (Abednatanzi et al., 2019; Masoomi et al., 2019). In this study,
the impregnation method was employed to synthesise the adsorbents where MOFs were
constructed with two main components: the metal inorganic clusters and the organic linkers,
where the linkers acting as “struts” connect the “joints” of metal ions (Abednatanzi et al.,
2019). Usually, organic linkers are the processing targets to design functional MOFs to
boost adsorption performance; for example, adopting large organic linkers enables larger
pore size of MOFs to facilitate adsorption diffusion (Vuong et al., 2013), and decorating
organic linkers with targeted groups [-NH, (Howarth et al., 2015), -OH (Luo et al., 2015)]
offers more effective sites to increase adsorption capacity or improve adsorption selectivity.
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Figure 6. Influence of metal loading on MOFs. Initial conditions: pressure = 5 bar, adsorbent dosage = 0.3
g, initial concentration of CO, = 637 ppm and ambient temperature

Almost all bimetallic MOFs with different percentages of metal loading exhibit a
greater adsorption capacity than single MOFs. Adsorption capacity soars in the direction
Mg-MOF-74 < Zn-MOF< 85 wt.% Mg/15 wt.% Zn-MOF < 85 wt.% Zn/15 wt.% Mg-
MOF<50 wt.% Zn/50 wt.% Mg-MOF, reaching, accordingly, 122.08 mg/g, 134.55 mg/g,
242.14 mg/g, 260.85 mg/g and 323.21 mg/g. 50 wt.% Zn/50 wt.% Mg-MOF shows an
increased CO, adsorption capacity over all MOFs prepared in this study. This phenomenon
could be attributed to the surface area and the pore volume of the adsorbent since the
specific surface area is 50 wt.% Zn/50 wt.% Mg-MOF (16.1695 m*/g) is larger than that
of Mg-MOF-74 and Zn-MOF (8.7069 m*/g and 3.9186 m?/g, respectively). Mesoporosity
is a characteristic of single and bimetallic MOFs that may be indicative of successful
adsorbent formation. Mesoporous materials are also believed to support CO, adsorption
because the bimetal (Zn and Mg) that were mixed to MOF was not clogging the pores of
pristine MOF itself, thereby enhancing the quantity of porosity in the bimetallic MOF.
The adsorption capacity of a single MOF (Zn-MOF or Mg-MOF-74) is relatively high,
whereas as the metal substance rises to 50 wt.% and over 85 wt.%, the adsorptive capability
of the MOF drops substantially. This tendency, in turn, may be described by the amount
of metal loading too much, which lowers adsorbent porosity by plugging some of the
MOF’s pores. The availability of adsorption sites decreases, which affects the potential
for CO, sorption. According to the reported literature (Liu et al., 2019; Ren et al., 2020;
Szczesniak et al., 2018; Wu et al., 2010), CO, adsorption may initially occur on open Zn
or Mg cations and MOF cage windows, subsequently through further adsorption induced
by van der Waals forces. The electrostatic interaction between Zn or Mg cations and CO,
quadrupole is more significant than the van der Waals interaction. The addition of metals
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in MOF, such as Zn or Mg, that contain oxygen-functional groups has been supported by
mesopores structures particularly favourable for diffusion and mass transfer, probably
because of the co-ordination linkages between the oxygen functional groups and Mg or
Zn in the MOF structure.

Furthermore, the findings show that the metals used and their added quantity are
significant in the MOF. For instance, 50 wt.% Zn/50 wt.% Mg-MOF has a higher adsorption
capacity than Mg-MOF-74 and Zn-MOF, and the addition of metals and loading leads to
a substantial rise in capacity relative to pristine MOF. Taking into account both the Mg
and Zn content in MOF (ranging from 15 to 50 wt.%) and the CO, adsorption capability
of pristine MOF, it might be inferred that the CO, uptake of bimetallic MOF is improved.
Moreover, the Zn content influenced the CO, adsorption capacity of bimetal-based MOF.
With the decrease in the Zn content, the CO, uptake of bimetal-based MOF decreased,
which was attributed to the CO, adsorption heat of Zn ions being larger than that of Mg
ions in a mild-pressure region. Because of the synergistic effect between Zn and Mg, the
CO, adsorption of bimetallic-based MOF was enhanced considerably. These findings
are in good agreement with the results obtained when Co and Zn coexist in the MOF-74
structure (Botas et al., 2011). So, a synergetic effect between Mg and Zn metal cations and
the pore size reduction may contribute to CO, molecules retention with higher energies
in this material. This fact can be explained as a result of Coulombic interaction forces
related to the proximity of CO, to the adsorbent and the reduced pore diameter in this
material (Zhou et al., 2008). So, the presence of a certain amount of Zn in Mg-MOF-74
material enhances the CO, adsorption capacity and energy interaction strength onto this
framework, rather than having pure zinc or magnesium clusters, possibly as a consequence
of the electronic environment that attracts slightly stronger CO, molecules as well as the
differences in textural properties among isostructural materials or even to the presence
of defects in the crystal structure that restrict the access to some of the pores (Sillar &
Sauer, 2012). Adding bimetallic is vital, but it is crucial to keep in mind that the quantity
of added metal is significant. The greater its content, the lower the porosity and adsorption
capability of the CO,.

In general, one can conclude that sorbents are the most promising at 50 wt.% Zn/50
wt.% Mg-MOF, which shows the highest CO, adsorption capacity.

Impact of Operating Pressure

Pressure plays a crucial role in the performance of the solid adsorbent in practical
applications; hence, the effect of pressure was examined and depicted in Figure 7.
Various operating pressures were used to determine the amount of CO, adsorbed during
75 minutes of adsorption time, and the findings exhibit that it increases from 195.63 mg/g
to 438.91 mg/g from 1 bar to 5 bar operating pressure. The rise in CO, uptake is attributed
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to increased gas particles hitting the adsorbent surface, caused by the rising pressure. The
openings are filled with CO, molecules as a result of higher pressure. The remarkable
enhancement in CO, adsorption capability observed can be attributed to the synergetic
effect of high P: high pressure effectively modifies the pore size and shape via changing
the linker orientation and creating new adsorption sites within MOF. More significantly,
several studies have shown that application of high external pressure can effectively tune
CO, storage capability in MOFs (Choi et al., 2019; Hu et al., 2013, 2015; Jiang et al., 2018;
Kontos et al., 2020). External pressure can change the MOF framework topology, alter pore
size and shape, enhance host-guest interactions between framework and adsorbed CO,, and
even create new adsorption sites, increasing CO, adsorptive capability. High mechanical
pressure changes the effective pore size and shape as well as the linker orientation to open
the “gate”, facilitating the CO, adsorption. The change in the linker orientation also makes
the channels connecting the cages accessible to CO, as additional adsorption sites at high
pressure. The substantial difference in adsorptive capacity improvement under different
pressures is intriguing and can be closely attributed to the framework structure under
different pressures. Previous work by Moggach et al. (2009) showed that high external
pressure could increase the effective pore size of MOFs by changing the linker orientation,
which is the so-called “gate opening” effect.
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Figure 7. Influence of pressure on CO, uptake. Initial condition: adsorbent dosage = 0.4 g adsorbent, initial
concentration of CO, = 637 ppm, metal loading = 50 wt.% Zn/50 wt.% Mg-MOF and ambient temperature

However, at room temperature, the solidification of CO, occurs at a pressure above
0.6 GPa (Giordano et al., 2006). This phase change of CO, severely limits further insertion
of CO, into the cavities of MOFs at higher pressures since solid CO, is immobile and not

456 Pertanika J. Sci. & Technol. 33 (1): 441 - 464 (2025)



Comparative Study of the CO, Adsorption Capacity of MOF Adsorbents

diffusible. This problem can be remediated if a mixture of solid CO, and MOFs is heated to
a temperature at which solid CO, existing outside MOFs is mobilised so that a significantly
larger number of CO, molecules may be pressed into the framework of MOFs by pressure.
Consequently, the CO, vibrations appeared at higher frequencies. A possible reason is
that the framework might have been partially damaged by exposing the MOFs to harsher
conditions, resulting in a slightly reduced porosity for adsorption.

It can be concluded that the increase in working pressure affects the formulated
adsorbent’s CO, adsorption, contrasting the findings of CO, adsorption by employing
various working pressures (Figure 7). In addition, the capability of samples to adsorb CO,
is highly subject to factors such as surface area, pore size and pore volume. The form of
the isotherm shows the resulting 50 wt.% Zn/50 wt.% Mg-MOF is a mesoporous structure
with the greatest surface area (16.1965 m?/g) (Table 3). The presence of more active sites is
increased due to increased surface area and pressure, directing towards greater adsorption
of CO,. Furthermore, the surface area significantly influences CO, adsorption uptake (Chen
et al., 2017). It is apparent that other aspects are impacting CO, uptake.

Effect of Dosage of Adsorbent

Figure 8§ exhibits the effect of changing the dosages of 50 wt.% Zn/50 wt.% Mg-MOF from
0.2 to 0.5 g on CO, adsorption process. Based on the findings presented in Figure 8, 0.3 g
should be the optimum dosage for CO, uptake as it has the utmost CO, adsorption capacity
at 740.90 mg/g. Expanding the dosage up to 0.5 g reduced the adsorption capacity by 54
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Figure 8. Influence of adsorbent dosage on the CO, adsorption process. Initial condition: initial pressure = 5
bar, initial concentration of CO, = 637 ppm, metal loading = 50 wt. % Zn/50 wt. % Mg-MOF and ambient
temperature

Pertanika J. Sci. & Technol. 33 (1): 441 - 464 (2025) 457



Nor Khonisah Daud and Nurul Huda Insyirah Muhammad Najib

% (338.54 mg/g). Thus, 0.3 g would be the best dosage of prepared bimetallic adsorbent
as it has the highest adsorption capacity within 75 minutes of adsorption time.

Based on the findings illustrated in Figure 8, radical transformations are not observed
when raising the dosage of the adsorbent. As adsorbents increase, the ability to adsorb
CO, decreases while all other variables remain constant, as shown in Figure 8. It could be
because the quantity of active sites is greater with smaller adsorbent doses. Increasing the
adsorbent dose leads to the accumulation of particulate matter. As a result, the presence
of adsorption sites may decrease due to reduced CO, adsorption capacity (Dien, 2019).
It is in line with the conclusions made by Niyousha et al. (2020) and Nsami et al. (2013).
The pore-clogging effect becomes more noticeable as the adsorbent dosage increases. The
CO, uptake was decreased by the pore-blockage effect and poor diffusion caused by the
higher adsorbent dose, which is because of the active phase layer of the adsorbent (Fatima
et al., 2022). Smaller doses result in greater contact between the functional groups of the
adsorbent and CO,, and the support substantially influences physisorption. CO, particles
have a higher affinity for anions (-OH and -COOH) of adsorbents (Torrisi et al., 2010). Due
to the larger number of [OH] or [COOH] anion present, the highest surface coverage was
achieved with a lower load. The surface area deteriorated with a greater adsorbent dose,
and the adsorbent’s influence on physisorption was also insignificant. Thus, the CO, uptake
was observed to be less effective at higher adsorbent dosages. The best performance was
achieved with 0.3 g of adsorbent dosage for 50 wt.% Zn/50 wt.% Mg-MOF.

CONCLUSION

This study prepared single and bimetallic-based Metal-Organic Frameworks (MOFs)
containing Zn and Mg using the impregnation method. The properties of the respective
MOFs characterise the prepared MOFs. For instance, its crystalline configuration is well-
maintained, the characteristic crystalline phase is recognisable, and the characteristics show
the existence of bimetal (varies in surface area). 50 wt.% Zn-50 wt.% Mg-MOF adsorbent
is the most favourable for CO, uptake. In our study, the addition of bimetal to pristine MOF
(Zn-MOF or Mg-MOF-74) enhances the adsorbed CO, amount by 59%—62% obtained in
this study. Overall, comparing the single and bimetallic MOFs, it can be summarised that
bimetallic MOFs can be regarded as the most promising, as 50 wt.% Zn-50 wt.% Mg-MOF
shows higher CO, uptake capability relative to pristine MOFs. Moreover, the proportion
of bimetal used in MOF, working pressure, and adsorbent quantity all have a significant
impact on the CO, uptake of the solid adsorbent.
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