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Graphical abstract 
 

 

Abstract 
 
Carbon dioxide (CO2) is one of the most important greenhouse gases and its 
removal from natural gas by adsorption is highly desirable. This study 
investigates the synthesis process of the bimetallic metal-organic framework, 
HKUST-1(Cu, Mg) and its potential use in natural gas purification by 
preferentially adsorbing CO2 from CO2/CH4 mixture. HKUST-1(Cu, Mg) was 
prepared by solvothermal method at different temperatures (100-200 °C). 
The resulting MOFs were characterized by various analytical techniques 
(XRD, SEM, FTIR, and TGA). The experimental results showed that single 
metal MOF HKUST-1 can be prepared at 100 °C, whereas the bimetallic 
HKUST-1(Cu, Mg) can be prepared by raising the temperature to 180 °C. 
Furthermore, the synthesized single and bimetallic MOFs were studied for 
their CO2/CH4 separation performance. The sorption results showed that the 
partial substitution of Cu metal with Mg metal in the framework of bimetallic 
HKUST-1(Cu, Mg) enhanced the CO2 uptake and its selectivity over CH4 by 
31.7%, and 38.60%, respectively, which can be attributed to changes in 
surface areas, pore structures and additional open metal site (OMS) induced 
by the secondary metal. These findings shed light on the optimal synthesis 
conditions and highlight the CO2 separation efficiency of HKUST-1(Cu, Mg) in 
natural gas upgrading. 
 
Keywords: Bimetallic metal-organic framework, CO2 adsorption, CO2/CH4 
selectivity, Natural gas.  
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1.0 INTRODUCTION 
 
Natural gas is considered a clean fuel because of low emissions 
as compared to oil and coal [1]. Natural gas sources can have 
up to 30% carbon dioxide (CO2) by volume which can lead to a 
series of potential issues [2]. Gaseous CO2 is a major 
contributor to the accumulation of greenhouse gases. 

Capturing CO2 from natural gas is critical for environmental, 
economic, and operational reasons [3]. CO2 capture improves 
the energy content and marketability of natural gas, lowers 
transportation costs, and can even create additional revenue 
streams if the captured CO2 is used in other applications such 
as enhanced oil recovery. Reducing CO2 content prevents the 
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formation of hydrates that can clog pipelines and reduces 
corrosion risks to infrastructure [4]. 

To date, various technologies have been identified for 
post-combustion CO2 capture, including pressure swing 
adsorption (PSA) [5], amine scrubbing [6], and membrane-
based separation [7]. In PSA technique, high pressure is applied 
to adsorb CO2 on solid adsorbents e.g., zeolites. The adsorption 
efficiency of zeolites is high, but since they are hydrophilic by 
nature and the gas stream contains water vapours that adsorb 
on the zeolite surface and consequently reduce the surface 
area available for CO2 adsorption. Although amine scrubbing is 
the most widely used method for CO2 capture, it has a 
disadvantage due to the high regeneration cost of the solvent. 
In recent decades, membrane technology has made advances 
and developments in gas separation, but the process still needs 
to be optimized and the membrane material should be 
modified so that it can be used for commercial purposes [8]. 
Some of the above technologies have demonstrated promising 
separation performance, but high energy consumption and cost 
limit their use [9]. Therefore, there is a need for more 
environmentally sustainable and cost-effective alternative 
technologies for CO2 capture. 

Solid adsorbents such as mesoporous silica, zeolites, 
carbon nanocomposites, and metal-organic frameworks (MOFs) 
have shown promising results in selective adsorption of 
different gases due to their structural diversity and 
compositions [10, 11]. However, only a limited number of them 
possess the required properties for exceptional CO2 adsorption 
separation [12, 13]. Among these materials, MOFs are 
considered an attractive option due to their large surface area, 
tunable porosity, and specific CO2 binding sites [14-16]. 

In low- pressure situations such as atmospheric pressure, 
the weak interactions between the active sites and CO2 
molecules reduce the ability of MOFs to effectively capture CO2 
[17]. Therefore, various techniques have been investigated to 
enhance the CO2 adsorption performance of MOFs, such as 
functionalization [18], metal insertion [19], cation exchange 
[20], framework interpenetration [21], and metal ions 
substitution in MOFs [22]. The strategy of “metal ion 
substitution” is considered as a useful tool for modifying MOF 
structures, allowing the creation of bimetallic MOFs either by 
direct synthesis or by post-synthetic modification (PSM) [23]. 
Bimetallic MOFs, i.e., MOFs composed of two different metal 
ions, have been investigated as potential material for CO2 
capture from flue gas. There is a limited literature on CO2 
adsorption studies using bimetallic MOFs.  

The addition of a secondary metal ion in MOFs has the 
potential to increase the stability of MOFs and improve the 
MOF-CO2 interaction [24].  For instant, Cui et al. [25] 
synthesized hybrid bimetallic frameworks using metal ion 
exchange strategy by partially replacing Zn+2 ions in Zn-1 
[Zn3(L)2(dabco)(H2O)]-9DMF, with Cu+2 ions to prepare 
bimetallic Zn-1’. The newly synthesized bimetallic Zn-1’ showed 
improved N2 adsorption and high stability compared to the 
monometallic Zn-1. Similarly, He et al. [26] used a microdroplet 
spray method for the synthesis of bimetallic MOFs, including 
Cu-BTC(Fe), Cu-BTC(Mg), Cu-BTC(Co), and Cu-BTC(Al), by 
replacing the Cu metal in the starting MOF with iron (Fe), Mg, 
cobalt (Co), and aluminum (Al), respectively. Their results 
showed that the incorporation of a small quantity of dopant 
metal ions into the framework did not damage the crystalline 
structure. Instead, it led to an increase in BET surface area, 

which can be attributed to the expansion of the unit cell caused 
by the substitution of the metal ions. The bi-metallic MOF 
showed enhanced gas adsorption performance, which can be 
explained by different electrostatic interactions between the 
secondary metal ions and the gas molecules. Zhang et al. [27] 
added Mg metal into Cu-BTC@MWCNT composite adsorbents 
to enhance CO2 adsorption from syngas. The Mg-doped 
composite showed up to 3.7% improvement in CO2 adsorption 
capacity compared to pure Cu-BTC. This improved CO2 
adsorption can be attributed to the high affinity of alkali metal 
(Mg) and acidic CO2 molecules. In another study, Wang et al. 
[28] successfully prepared bimetallic MOFs in a single step 
reaction by incorporating zinc (Zn) metal into the Cu-based 
HKUST-1 MOF. The maximum percentage of Cu+2 metal 
replaced by Zn+2 in the paddle wheel units was up to 21%. 
However, the observed N2 adsorption capacity and specific 
surface areas of the bimetallic Cu3-xZnx(BTC)2 MOFs decreased 
with increasing Zn+2/Cu+2 molar ratio. However, in-depth 
studies on synthesis and application of bimetallic MOFs for CO2 
adsorption from raw natural gas are still lacking. 

This study investigates the CO2 and CH4 adsorption on 
HKUST-1(Cu) and bi-metallic HKUST-1(Cu, Mg) at 273 and 298 
K, using a volumetric apparatus. Cu metal in the representative 
MOF, HKUST-1 was partially substituted with Mg metal to 
synthesized bimetallic MOF. Systematic characterization were 
performed to confirm the secondary metal ion substitution and 
study the structure and morphology of the modified MOF 
adsorbents. The bimetallic MOF retained its original crystalline 
structure after the incorporation of secondry metal. CO2 and 
CH4 sorption measurements were performed and the effects of 
the secondary metal sites on CO2 adsorption and CO2/CH4 
selectivity were analysed. Overall, the present work will 
highlight the effect of secondary metal sites on the selective 
adsorption of CO2 from natural gas by bimetallic MOFs. 

 
 
2.0 EXPERIMENTAL SECTION 
 
2.1 Materials  

 
All the chemicals used in this study were analytical grade and 
were used without any further purification. Copper nitrate 
trihydrate (Cu (NO3)2·3H2O, 98%), magnesium nitrate 
hexahydrate (Mg (NO3)2·6H2O, 98%), and 1,3,5-
benzenetricarboxylic acid (H3BTC, 99%) were purchased from 
Sigma-Aldrich. Methanol (MeOH), ethanol (EtOH), dimethyl 
formamide (DMF), and deionized (DI) water were purchased 
from Elite Advanced Materials. Nitrogen (CH4, ≥ 99.5%) and 
Carbon dioxide (CO2, ≥ 99.995%) were purchased from Alpha 
Gas Solution Malaysia.  
 
2.2 Synthesis of HKUST-1 and bimetallic HKUST-1(Cu, Mg) 
 
In this study, we synthesized HKUST-1(Cu) using a solvothermal 
technique, reported by Chowdhury et al. [16]. In a typical 
experiment, first Copper (II) nitrate trihydrate (6 mmol) was 
dissolved in 12 ml of deionized water. In another flask, H3BTC (4 
mmol) was dissolved in 24 ml of a 1:1 mixture of ethanol and 
DMF. The two solutions were then mixed and magnetically 
stirred at ambient temperature for 30 minutes. The reaction 
mixture was transferred into a 100-ml PPL-lined stainless-steel 
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autoclave and subjected to heat at 100°C for 10 hours. After 
the reaction ended, the autoclave was allowed to cool to room 
temperature. The resulting blue crystals were separated using a 
centrifuge at a speed of 3000 rpm for 15 minutes. To remove 
the unreacted H3BTC and metal salts, the synthesized material 
was rinsed thrice with DMF until neutral pH. The crystals were 
then immersed in MeOH for 3 days, with an exchange of fresh 
solvent after each 4 h. Finally, the crystals were activated at 
120 °C for 4 h to remove the residual solvents. Figure 1 
illustrates the schematic of the synthesis scheme used to 
prepare the bimetallic HKUST-1(Cu, Mg). 

Bi-metallic HKUST-1 (Cu, Mg) was synthesized by in 
situ metal substitution and one-pot hydrothermal method 
following the procedure reported in the literature [29]. For the 
synthesis bimetallic MOF, Copper (II) nitrate trihydrate (8 
mmol) and Magnesium (II) nitrate hexahydrate (1 mmol) was 
dissolved in 16 ml DI water. The remaining procedure was 
similar to that of the parent HKUST-1 (Cu), with the only 
difference being an increase in the reaction temperature from 
100 to 200 oC. 

 
 

Figure 1 Schematic of synthesis scheme used to prepare bimetallic 
HKUST-1(Cu, Mg) MOF. 
 

2.3 Characterizations 
 
Various analytical techniques were used to characterize the 
MOF powder. FE-SEM was used to study surface morphology, 
and EDX provided elemental composition details. PXRD 
confirmed the crystal structure and phase purity. FTIR was 
employed to investigate the chemical bonds and functional 
groups in HKUST-1(Cu) and Bi-metallic HKUST-1(Cu, Mg). ICP-
OES quantified Copper and Magnesium levels before and after 
the reaction. For evaluating surface properties, N2 adsorption-
desorption tests were conducted at 77 K, and specific surface 
areas were computed using the BET method. Pore volume and 
size were estimated through BJH method at a relative pressure 
of P/P0 = 0.99. The TGA was performed to assess the thermal 
stability of the samples. 
 
 
 

2.4 Adsorption theory of ideal solution IAST 
 
Ideal Adsorbed Solution Theory (IAST) is a predictive model that 
does not require any mixture data. In gas purification and 
separation procedures, IAST serves as a tool for predicting the 
equilibrium and selectivity of multicomponent adsorption, 
relying exclusively on experimental single-component 
adsorption isotherms. It is a thermodynamic approach in which 
the adsorbed phase is assumed to form an ideal solution that 
satisfies Raoult's law for vapour-liquid equilibrium [30]. The 
ideal CO2/CH4 selectivity of component a over b is given by. 

 

where  xa and ya represent mole fractions of component “a” in 
the adsorbed phase and in gas phase respectively, while xb and 
yb represent mole fractions of component “b” in the adsorbed 
and gas phases respectively. The single component adsorption 
isotherms have been fitted to the following dual site Langmuir-
Freundlich (DSLF) model to enable the application of the IAST 
calculation [31].  
 

(2) 

 

where Y is the amount adsorbed in mmol/g, X is the pressure in 
bar, k1 and l1 are the saturation capacities in mmol/g, k2 and l2 
are the Langmuir parameter in bar-1 and k3 and l3 are the 
Freundlich parameter for dual sites 1 and 2 respectively.  
 
2.5 Isosteric Heat of CO2 Adsorption 
 
The isosteric heat of adsorption (Qst) is an important 
thermodynamic measure that indicates the amount of heat 
either released or absorbed during the adsorption process. This 
value can be derived from adsorption isotherms recorded at 
minimum two different temperatures [32]. The amount of gas 
adsorbed to the adsorbent surface is affected by factors such as 
temperature, pressure, and isosteric heat of adsorption. For gas 
separation, an intermediate Qst value is desirable for specific 
adsorbent-adsorbate pairs. This is because too low Qst value 
results in weak gas adsorption, while an extremely high Qst 
value increases the cost of adsorbent regeneration [33]. The 
Qst values in this study were calculated from the CO2 
adsorption isotherm at 273.15 k and 298 K using the linear 
version of the Clausius–Clapeyron equation [34].  
 

…. (3) 

where, Qst is the isosteric heat of adsorption (KJ/mol), T1, T2 is 
the temperature (K), and P1, P2 is pressure (mbar) of 
measurement, and R is the universal gas constant 
(8.314 J/mol/K). 
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3.0 RESULTS AND DISCUSSION 
 
3.1 Material properties of HKUST-1 and bimetallic HKUST-1 

(Cu, Mg) 

 

The morphologies of the single and bimetallic MOF samples 

were studied at FE-SEM as shown in Figure 2(a & b). The as-

synthesized HKUST-1 sample in Figure 2(a) showed an 

octahedral morphology which is in accordance with the 

structure reported in the literature [35, 36]. The bimetallic 

HKUST-1(Cu, Mg) sample shown in Figure 2(b) also exhibited 

the same octahedral morphology as that of the parent MOF, 

indicating that doping with a secondary metal does not change 

the octahedral morphology of the MOF. The average particle 

size of the MOF sample was about 10–20 μm, which is 

consistent with the literature [37]. It can be seen in Figure 2 (a 

& b) that Mg metal doping does not have any effect on particle 

size. The EDS analysis was performed to confirm the presence 

of Mg metal in the HKUST-1(Cu, Mg) bimetallic samples. Figure 

2(c) displays the EDS spectra of HKUST-1(Cu, Mg) confirming 

the coexistence of both metals Cu and Mg in the bimetallic 

MOF sample. 

 

 

 
Figure 2.  (a & b) FE-SEM micrograph; (a) HKUST-1(Cu), (b) HKUST-1(Cu, 
Mg), and (c) EDX spectrum of HKUST-1(Cu, Mg). 

 
In order to investigate the phase purity and crystalline 

structure of MOF adsorbents, the XRD analysis was performed. 
Figure 3(a) shows the XRD patterns of single and bimetallic 
MOF adsorbents. The XRD diffraction pattern of the HKUST-
1(Cu) shows the predominant peaks at 2θ= 6.70, 9.40, 11.60, 
13.30, 17.40, 19.10, 25.80 and 29.40 that are in accordance 
with published data [38-40]. The Mg-doped bimetallic HKUST-
1(Cu, Mg) showed similar diffraction patterns to the parent 
MOF, suggesting that the crystal structure was well preserved.  

Figure 3(b) displays the FT-IR spectra of bimetallic MOF 
adsorbents. Obviously, pure HKUST-1(Cu) and bimetallic 
HKUST-1(Cu, Mg) have the similar infrared spectra in 

agreement to that reported in the previous literature [39], 
indicating that they are formed by the same building block, the 
benzene-1,3,5-tricarboxylate (BTC) linker. The bands observed 
at 760 and 730 cm-1 were attributed to the substitution of Cu 
for the hydrogen atom on the benzene ring, while the band at 
1110 cm-1 corresponded to the stretching vibration of C-O-Cu. 
The band observed around 1715 cm−1 were ascribed to the 
acidic C O stretching vibration in BTC which is shifted to 1643 
cm−1 after complexation with Cu+2 [41]. 

 

 
 

 
 
Figure 3 Structural characterization of MOF samples. (a) XRD patterns 
and (b) FT-IR spectra. 

 
Figure 4 (a) shows the N2 adsorption isotherms of 

HKUST-1 and bimetallic HKUST-1 (Cu, Mg) MOFs at 77 K. The 
curves distribution were mainly type-I and in good agreement 
to that reported in the literature [42]. Notably, the curves 
extends sharply at low pressure region and then enhances 
slowly while remaining almost flat, indicating that the materials 
had abundance of micropores. It is clear from Figure 4 that the 
N2 uptake and BET surface area (SBET) of the resulting 
bimetallic MOF changes with the incorporation of Mg metal. 
For the HKUST-1 sample, the N2 uptake and SBET were 15 
(mmol/g) and 1198 (m2/g) at 1 bar and 77K, respectively. For 
the bimetallic HKUST-1 (Cu, Mg) sample, the N2 adsorption 
capacity and SBET were found to be 22.20 (mmol/g) and 1580 
(m2/g), showing an increasing trend in both N2 adsorption and 
SBET. These findings are consistent with the literature [43]. 
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Textural properties of MOF-199(Cu, Mg) samples are shown in 
Table 1.  

TGA analysis was performed to study the thermal 
stability of MOF samples at 800 ◦C under N2 atmosphere. Figure 
5 shows the thermograms of pure HKUST-1 and bimetallic 
HKUST-1 (Cu, Mg) adsorbents. Three stages in decomposition 
of both samples were  observed, which were in accordance to 
the results reported in literature [44]. The small weight loss 
(6.6%) between 42 and 122 °C can be ascribed to the removal 
of adsorbed water. The weight loss (15%) between 122 and 330 
0C was due to the evaporation of coordinated DMF molecules 
from the adsorbent Structure. In final step, the curve showed a 
prominent weight loss (40%) between 330 and 450 °C, which 
can be ascribed to the decomposition of the benzene 
tricarboxylate linker and the collapse of the framework. The 
single and bimetallic MOF adsorbents showed similar 
thermograms, indicating that the incorporation of Mg metal 
does not change the thermal stability. 

 

 
 

Figure 4 N2 adsorption isotherms Of MOF adsorbents at 77 K 
 
 

 
 

Figure 5  TGA curves of MOF adsorbents  
 
 
 
 

Table 1 Textural properties of PEI-functionalized MOF-199(Cu, Mg) 
samples 

MOFs SBET 

(m2/g) 

Langmuir 
Surface area 
(m2/g) 

Pore 
Volume 
(cm3/g) 

Average 
pore size 
(nm) 

Crystal  
size  
(nm) 

HKUST-1 
(Cu) 

1198 1,495 0.5152 7.0341 85.05 

HKUST-1 
(Cu, Mg) 

1580 2,153 0.7725 2.9143 141.6 

 
 

3.2 Adsorption performance of HKUST-1 and bimetallic 
HKUST-1 (Cu, Mg) 
 
The gas adsorption efficiency of the as-prepared MOF 
adsorbents were investigated at different temperatures and 
pressures. Figure 5(a) displays the CO2 adsorption isotherms at 
1 bar and 273.15 K. The single metal MOF HKUST-1 showed a 
CO2 adsorption capacity of 7.31 (mmol/g). Partially substituting 
Cu with Mg metal in bimetallic HKUST-1(Cu, Mg) sample 
exhibited a CO2 uptake of 8.61 (mmol/g) at 1 bar, higher than 
most of the reported MOF-based adsorbents [43]. The 
observed enhancement in SBET and gas uptake can be ascribed 
to stronger electrostatic interaction between the open metal 
sites (OMS) of Mg atom and CO2 molecules [45]. The following 
Table 2 shows the characteristics of CO2 and CH4 gases. 
 

Table 2 Characteristics of CO2 and CH4 gases [46].  
 

Gas Polarizability 
(×10-25 cm3) 

Dipole moment 
(×1018 esu cm) 

Quadrupole moment 
(×10-26 esu cm2) 

CO2 26.5 0.00 4.30 

CH4 26.0 0.00 0.00 

 
The CO2 adsorption performance of HKUST-1 and 

bimetallic HKUST-1 (Cu, Mg) at 298 k and 1 bar are shown in 
Figure 5(b). The CO2 uptake of both samples was observed to 
be decreased with increase in temperature. When the 
temperature was increased from 273.15 K to 298 K, the CO2 
adsorption of parent MOF reduced from 7.31 to 3.36 (mmol/g), 
while for the bimetallic HKUST-1 (Cu, Mg), the CO2 adsorption 
reduced from 8.61 to 4.42 (mmol/g). This decrease in CO2 
adsorption can be ascribed  to physical adsorption as the 
predominant mechanism for CO2 capture in these adsorbents 
[47]. The Figure 5(c) displays the CH4 adsorption isotherms of 
parent MOF and modified bimetallic MOF adsorbents at 298 k. 
The single metal MOF HKUST-1 showed a CH4 uptake of 0.28 
(mmol/g) and the bimetallic HKUST-1 (Cu, Mg) showed a CH4 
uptake of 0.26 (mmol/g) at 1 bar and 298 K.   

IAST has been widely used to predict the adsorption 
selectivity of gas mixtures using single gas isotherms. In the 
present study, IAST was used to predict the CO2 selectivity of a 
binary CO2/CH4 mixture. The DSLF equation was used to fit a 
single-component isotherm. At the same temperature and 
pressure, both HKUST-1 and HKUST-1 (Cu, Mg) samples showed 
significantly lower CH4 uptake compared to CO2 uptake. The 
higher CO2 adsorption can be attributed to the higher 
polarizability of CO2, the higher quadrupole moment, and the 
smaller kinetic diameter. [48]. Figure 5(d) shows the ideal 
CO2/Ch4 selectivity of HKUST-1 and bimetallic HKUST-1 (Cu, Mg) 
samples determined using natural gas compositions (CO2/CH4: 
50/50). HKUST-1 (Cu) exhibited an ideal CO2/CH4 selectivity of 
12.02, similar to the value reported in the literature [49]. The 
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bimetallic HKUST-1 (Cu, Mg) exhibited a higher selectivity of 
16.66, corresponding to an increase of 38.60% after Mg metal 
doping. This enhancement in CO2 selectivity can be attributed 
to the stronger electrostatic interaction between the OMSs of 
Mg metal and CO2 molecule [36].  

The isosteric heat of adsorption is one of the most 
important indicators for measuring the adsorption strength of 
the adsorbent [50]. Figure 5(e) displays the isosteric heat of 
CO2 adsorption on the HKUST-1(Cu, Mg) bimetallic sample as a 
function of the amount of CO2 adsorbed. As shown in Figure 
5(e), the Qst values increase from 23.70 to 28.69 (kJ/mol) with 
the increase of gas adsorption during the process. This range of 
Qst values indicates that the process is physical adsorption. 
This increasing trend in Qst is unusual [51, 52], and indicates 
the possible formation of CO2 clusters in the pores of the 
adsorbent [53]. Similar trends have been reported in the 
literature for other MOFs [54]. The mutual attraction between 
the CO2 molecules in the pores of the MOF might have 
increased with the increase of the adsorption amount, leading 
to an increased isosteric heat of adsorption [55]. 
 

 
 

 

 
 

 
 

 
 
Figure 5. Adsorption performance of bimetallic MOF adsorbents. (a) 
CO2 adsorption isotherms at 273.15K, (b) CO2 adsorption isotherms at 
298 K, (c) CH4 adsorption isotherms at 298 K, (d) Selectivity of HKUST-1 
and bimetallic HKUST-1(Cu, Mg) for CO2/CH4, and (D) Isosteric heat of 
adsorption for HKUST-1(Cu, Mg). 
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4.0 CONCLUSION 
 
In the study, the single-metal MOF HKUST-1(Cu) and bimetallic 
MOF HKUST-1(Cu, Mg) was successfully synthesized by a 
solvothermal method at different temperatures. It was found 
that the single-metal MOF HKUST-1 can be synthesized at 100 
°C, while a temperature of 180 °C is required for the synthesis 
of its bimetallic counterpart. Several analytical techniques, such 
as XRD, SEM, FTIR, TGA, and BET were used to characterize the 
MOF adsorbents. The study focusses on the application of 
these MOFs in separation of CO2 from CH4. The results showed 
that the partial substitution of Cu with Mg in bimetallic MOF 
improved the CO2 uptake and selectivity over CH4 by 31.7% and 
38.6%, respectively. These improvements can be ascribed to 
changes in surface areas, pore structures, and additional open 
metal sites created by the secondary metal (Mg). Notably, the 
substitution of the secondary metal did not affect the 
crystalline structure of the parent MOF.  
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