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A B S T R A C T   

The Zeolitic Imidazolate Framework 67 (ZIF-67) is a highly promising material owing to its exceptional thermal stability, large specific surface area, cost- 
effectiveness, and versatile applications. One of the potential applications of ZIF-67 is gas separation processes, among which the separation of CO2/CH4 mix-
tures has attracted great interest nowadays in the biogas sector. However, when it comes to CO2/CH4 separation, ZIF-67 falls short as it lacks the desired selectivity 
despite its high adsorption capacity. This limitation arises from its relatively low affinity towards CO2. In this study, we have addressed this issue by partially 
exchanging the ligand of ZIF-67, specifically replacing 2-methylimidazole with 1,2,4 (1H) triazole, which introduces an additional nitrogen atom. This modification 
resulted in ZIF-67 showing significantly enhanced affinity towards CO2 and, as a result, greater selectivity towards CO2 over CH4. The modified materials underwent 
thorough characterization using various techniques, and their adsorption capacity was evaluated through high-pressure adsorption isotherms. Furthermore, their 
separation performance was assessed using the Ideal Solution Adsorption Theory, which provided valuable insights into their potential for efficient gas separation.   

1. Introduction 

The separation of CH4 and CO2 is a topic of great interest, especially 
for the recovery of methane from biogas and natural gas. In both pro-
cesses, methane is often contaminated with CO2, which needs to be 
removed. This purification step is essential to allow the methane to be 
transported through the gas distribution network, as it helps avoid 
corrosion. In addition, separation allows the calorific value of the gas 
mixture to be increased, making it more valuable for various applica-
tions [1–7]. 

The separation of CH4 and CO2 has been widely studied and various 
methods have been implemented, with amine absorption being the most 
advanced commercial technology at present. However, cryogenic 
distillation and membrane processes have also received growing atten-
tion [8–13]. While amine adsorption and cryogenic distillation are 
energy-intensive technologies, membrane separation is less costly in 
terms of energy although it still suffers from lack of selectivity and stable 
membranes [3,14–16]. 

Adsorption technologies such as pressure swing adsorption (PSA) 
and temperature swing adsorption (TSA) have emerged as viable options 
for CH4 purification from natural gas or biogas. These methods have 

shown great potential and offer opportunities to expand CH4 utilisation. 
The choice of adsorbent is key for developing PSA and TSA technologies. 
Adsorbents are required to have high capacity, easy regeneration, long 
life and, above all, a high selectivity towards CO2 during the adsorption 
process. This selectivity towards CO2 is required to be high at low 
pressures if they are to be used for biogas purification, while high 
selectivity at high pressures is more relevant for natural gas recovery. 
[17,18]. The most commonly used porous materials for this application 
are zeolites and activated carbons since they are highly stable, cheap and 
well-known. 

Metal-organic frameworks (MOFs) have attracted great interest in 
recent years due to their versatility and potential applications in storage, 
separation, catalysis and gas sensing [19–26]. Among the hundreds of 
thousands of MOFs developed in recent years, ZIF-67 (zeolitic imida-
zolate framework-67) stands out for its exceptional stability and high 
surface area. However, the exploration of strategies to chemically 
modify ZIF-67 while preserving its topology has become a topic of 
considerable research interest [27,28]. 

MOFs have emerged as a potential material for the separation of 
CH4/CO2 mixtures. However, many of them are unstable and suffer for 
degradation upon use. ZIFs materials, especially ZIF-67, have been 
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shown to combine high stability and high specific surface area, although 
this material suffer from low affinity towards CO2 [1,29,30]. Several 
strategies have been devised to enhance the CO2 affinity of ZIF-67. Some 
involve encapsulating molecules with a high CO2 affinity (e.g., ionic 
liquids) within its structure, while others focus on modifying the surface 
chemistry of ZIF-67 to introduce functional groups with CO2 affinity 
[31–34]. This can be achieved either by incorporating a second metal in 
the structure to create defects that enhance CO2 affinity or by adding a 
linker capable of strong CO2 adsorption to the network. In this article, 
we will focus on the latter approach and present a method for incor-
porating nitrogen functionalities that serve as anchoring centers for CO2 
[35,36]. Thus, modification with an appropriate ligand (triazole-type) 
to improve the affinity for CO2 is essential. The tailored chemical 
environment and pore characteristics of the triazole-modified ZIF-67 are 
expected to impart improved adsorption selectivity, enabling efficient 
separation of these two gases at different conditions [27,29,30,37,38]. 

In this study, we present a ligand exchange-mediated modification 
approach to enhance the chemical properties of ZIF-67 without 
compromising its topological integrity. Specifically, we focus on 
replacing a fraction of the original 2-methylimidazole ligands in ZIF-67 
with triazole molecules 1,2,4(1H)triazole (Trz). This ligand exchange 
strategy enables us to introduce new chemical functionalities into the 
framework, thereby tailoring its reactivity and adsorption properties. 
Furthermore, we evaluated the performance of the modified ZIF-67 as a 
promising material for the separation of methane and carbon dioxide. 

2. Experimental 

2.1. MOF synthesis and characterization 

The experimental details are provided in the supporting information. 

3. Results and discussion 

The aim of this research paper is to increase the CO2 affinity of ZIF- 
67 by partially substituting the current ligands (2-methylimidazole) in 
ZIF-67 with a triazole-type ligand (1,2,4-1H-triazole) using a post- 
synthetic approach. This substitution is intended to prevent one of the 
nitrogen atoms in the triazole group from coordinating with the metal. 
By leaving this nitrogen uncoordinated, it can function as a basic center, 
thereby enhancing the CO2 affinity. Before proceeding with the 
replacement of 2-methylimidazole with 1,2,4-1H-triazole, we optimized 
the ZIF-67 synthesis to achieve crystals with a narrow size distribution, 
high specific surface area, and an optimal truncated dodecahedral 
rhombic crystal morphology [12–14]. This optimized synthesis of ZIF-67 
is summarized in the supplementary information (Table S1). The opti-
mized ZIF-67 sample (sample 7) showed a specific surface area of 1359 
m2/g, which falls within the typical range reported in the literature for 
this kind of materials [29,30,38]. Furthermore, the crystals display a 
truncated dodecahedral rhombic morphology (Figure S5). 

The exchange was performed by mixing a methanolic suspension of 
ZIF-67 with a solution of triazole in methanol. The resulting mixture is 
then stirred for a duration of 3 days. Afterwards, the MOF is separated 
through centrifugation and subjected to 10 washes using methanol. This 
process is carried out to remove any ligands that are not firmly attached 
to the structure. Different concentrations of triazole were utilized in the 
exchange process with the intended goal of replacing 10 % (ZIF-67 
m0.2), 50 % (ZIF-67 m0.5), 100 % (ZIF-67 m1.1) of the 2-methylimida-
zole present in ZIF-67. Additionally, an excess of triazole (200 % con-
centration, ZIF-67 m1.2) was also used, as detailed in the experimental 
section. Furthermore, a sample (Co-Trz) was prepared in which triazole 
was directly mixed with the metal precursor to assess the formation of a 
ZIF-67 analogue using triazole following the same procedure employed 
for the optimized ZIF-67 sample (sample 7, supporting information). 

Fig. 1 illustrates the diffraction patterns of the samples subjected to 
different percentages of triazole exchange, as well as the sample directly 

synthesized with triazole. Notably, the sample synthesized directly with 
triazole exhibits no discernible diffraction peaks, suggesting that the 
direct synthesis of a ZIF-67 analogue with triazole is not possible at the 
used synthesis conditions. On the other hand, all the exchanged samples 
showed a diffraction pattern consistent with that of ZIF-67, indicating 
that the exchange process has not altered the fundamental structure of 
ZIF-67, even at high nominal exchange rates. 

Analyzing the most prominent peak, centered at 2θ = 7.3, we observe 
a slight shift towards higher angles as the nominal exchange rate in-
creases. This shift signifies a reduction in the d-spacing, implying that 
the structure underwent contraction as the degree of exchange 
increased. 

Field-emission scanning electron microscopy (FE-SEM, Fig. 2) clearly 
demonstrate that the crystals maintain their original morphology and 
size even after undergoing the exchange treatment. This observation, 
coupled with the XRD results, provides compelling evidence that the 
crystal structure and morphology remain unchanged throughout the 
exchange process. The sample directly synthesized with triazole exhibits 
a distinct morphology (needle-shaped crystals, not shown) that differs 
significantly from the typical ZIF-67 crystals. Notably, even when 
achieving a relatively high exchange degree of ZIF-67 m1.2, the crystals 
retain the same morphology as the unexchanged ZIF-67. This finding 
emphasizes the robustness of the crystal morphology throughout the 
exchange process, indicating that the underlying structure of ZIF-67 
remains intact despite significant ligand substitution. 

In order to determine the precise degree of ligand exchange it is 
necessary to perform a quantitative analysis on the solid material. 
However, this analysis is challenging since both 2-methylimidazole and 
triazole ligands are integral components of the MOF structure. Tradi-
tional techniques such as infrared spectroscopy (FTIR), XRD, or X-ray 
photoelectron spectroscopy (XPS) are not suitable for quantitative 
analysis. To address this, we developed a method involving the disso-
lution of the materials in deuterated sulfuric acid (D2SO4). The resulting 
solution is then subjected to analysis using nuclear magnetic resonance 
(1H NMR), allowing us to calculate the ratio of triazole to 2-methylimi-
dazole. As shown in Table 1, the nominal exchange was not achieved for 
any of the samples. For instance, ZIF-67 m0.2, intended to reach 20 % 
exchange, only achieved 6.6 % exchange. Similar trends were observed 
for all the samples [39]. 

The TG profile of the ZIF-67 synthetized herein (Fig. 3) revealed a 

Fig. 1. Diffraction patterns of ZIF-67 and samples exchanged with different 
proportions of triazole, along with the sample prepared directly with triazole. 
The inset highlights the shift of the main peak towards higher 2 theta values. 
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single mass drop above 600 ◦C, in line with the expected thermal 
behaviour of this sample [1]. Remarkably, the Co-Trz sample showed a 
distinct profile, featuring multiple mass drops, with the most prominent 
one observed at 420 ◦C. The exchanged samples showed lower thermal 
stability as compared to ZIF-67, with two mass losses at temperatures 
below 600 ◦C. Furthermore, the absence of mass losses occurring at the 
same temperature as ZIF-67 suggests that all the crystals have been 
uniformly exchanged. Otherwise, some of the mass losses would coin-
cide with the temperature ranges corresponding to unmodified ZIF-67 
crystals, particularly noticeable in samples with a low degree of 
exchange. 

Literature indicates that zinc triazolates are generally less stable than 
Zn imidazolates [28]. Therefore, these thermographic curves corrobo-
rate the presence of triazole in the crystals, which contributes to their 
lower stability. Furthermore, a correlation between the degree of ex-
change and the stability of the samples can be inferred from the data. 
The correlation becomes evident when we create a graph that plots the 
temperature at which the material loses half of its mass against the 

degree of exchange. You can find this graph in the supporting infor-
mation for reference (Fig s. 

By analyzing the gases emitted during the thermograms, we can 
identify the specific fragments released at different temperatures. This 
allows us to determine whether the two mass drops observed in the 
samples correspond to the exchanged portion and the pure ZIF-67 phase, 
thereby revealing the presence of segregated phases Fig. 4. 

For the 2-methylimidazole analysis, we have monitored the frag-
ments with mass/charge ratios (m/z) of 82 and 54. Similarly, in the case 
of 1,2,4-1H-triazole, we tracked the fragment with m/z values of 69. 
Additionally, we have monitored the fragment with an m/z value of 44 
to resonance stabilized nitrogen containing cations. These specific 
fragments serve as indicators to differentiate the volatilised linkers their 
respective decomposition products Fig. 4. 

The profiles of the ZIF-67 samples show a prominent peak for m/z 
values of 42, 54 and 82 signal at ca. 600 ◦C, revealing the decomposition 
of ZIF-67 and the release of the linker. Furthermore, this signal is 
accompanied by the m/z 44 signal, indicating that the decomposition of 
the ligand generated nitrogen compounds. In contrast, the sample syn-
thetized directly with triazole shows a different decomposition pattern, 
with two emission peaks at m/z 69 and 42. The first peak at 260 ◦C, 
which is the boiling point of triazole, suggesting that part of the ligand is 
not coordinated to the metal. The second main peak at 400 ◦C was 
ascribed to the decomposition of the structure. The exchanged sample 
ZIF-67 m1.2 showed a significantly different decomposition profile. 
Signals corresponding to 2-methylimidazole (m/z 82) and triazole (m/z 
69) were observed within the 300–400 ◦C temperature range, suggesting 
that the gases coming for both ligands were released simultaneously 
during this process. It should be noted that the triazole signals showed a 
secondary deconvolution at a slightly higher temperature (420 ◦C), 
possibly due to the fact that the decomposition of the triazole occurs in 
two distinct stages. These results confirm that the exchange is uniform 
and produces a change in the stability of the material, as expected. 

The obtained results collectively demonstrate that our synthetic 
method enables the exchange of a portion of 2-methylimidazole, a 
constituent of ZIF-67, while maintaining its structural integrity. Based 
on these findings, our subsequent efforts concentrated on thoroughly 
characterizing the textural and chemical attributes of the exchanged 
materials. 

Fig. 5A illustrates the nitrogen adsorption isotherms of the samples 
under study. The Co-Trz sample showed a significantly low adsorption 
capacity at low relative pressures (50 cm3 (STP)/g), with gradual uptake 

Fig. 2. SEM images of ZIF-67 and samples with varying proportions of triazole 
exchange, including the sample directly prepared using triazole and the un-
modified one. 

Table 1 
Characterisation of the porous texture of the different materials obtained from 
nitrogen adsorption isotherms. The actual degree of ligand exchange was 
determined by 1H NMR.  

Sample % of linker exchanged calculated by 1H 
NMR 

SB.E.T. m2/ 
g 

Vmicro cm3/ 
g 

ZIF-67 – 1359  0.8 
ZIF-67 

m0.2 
6.6 1251  0.71 

ZIF-67 
m0.5 

11.2 1020  0.58 

ZIF-67 
m1.1 

27.9 701  0.38 

ZIF-67 
m1.2 

66.9 174  0.09  

Fig. 3. TGA profiles of ZIF-67 and samples undergoing varying triazole ex-
change, along with the sample directly prepared using triazole. 
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Fig. 4. Depicts the mass signal profiles emitted during the thermograms. three samples are illustrated: zif-67, the sample prepared directly with triazole, and two 
exchanged samples (zif-67 m0.5 and ZIF-67 m1.2). 

Fig. 5. N2 adsorption isotherms at 77 K (A) and the CO2 adsorption isotherms at 273 K (B) for the ZIF-67 the exchanged samples and the sample prepared 
with triazole. 
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increase starting from 0.2 relative pressure, indicating the presence of a 
small portion of mesopores. On the other hand, both ZIF-67 and the 
exchanged samples showed a typical type I isotherm characteristic of 
microporous ZIF-type materials. Furthermore, they display two steps at 
low relative pressures, which is indicative of the structural flexibility 
observed for this material, in line with other works, including reports 
from our group [40,41]. The N2 adsorption isotherms is plotted in log-
arithmic scale to better distinguish these two stages. There is a clear 
correlation between the adsorption capacity and the degree of exchange: 
the higher the exchange, the lower the adsorption capacity. This 
decrease in adsorption capacity is due to the shrinkage of the structure, 
as revealed by XRD (Fig. 1). 

The observed structural shrinkage, combined with the likely pres-
ence of unconnected nitrogen, suggests a higher affinity for CO2. To 
investigate this, CO2 adsorption isotherms were conducted at 273 K to 
assess the affinity of the solids towards CO2 (Fig. 5B). The linear CO2 
isotherm of pure ZIF-67 revealed low affinity towards CO2. In contrast to 
ZIF-67, materials with a high degree of exchange exhibited a curved 
isotherm, demonstrating rapid CO2 adsorption at low pressures. 
Notably, despite having significantly lower surface area than ZIF-67, the 
exchanged samples consistently showed higher CO2 adsorption capac-
ities at low pressures. This suggests that either the structural shrinkage 
(resulting in pore narrowing) or the presence of uncoordinated nitrogen 
contributes to an increased affinity for CO2. 

We conducted FTIR and Raman spectroscopy with the aim to identify 
the functional groups present in the exchanged materials (Figures S4 y 
S5). As the degree of exchange increases, multiple peaks become 
apparent in the infrared spectrum. These peaks can be attributed to the 
presence of coordinated triazole within the structure. Both techniques 
revealed bands corresponding to nitrogen atoms not coordinated to the 

metal (686 cm− 1 and 1290 cm− 1 for the FTIR and Raman spectra, 
respectively) [42–45]. This finding is significant since it provides evi-
dence supporting the higher affinity for CO2 exhibited by the exchanged 
samples. 

XPS provides valuable insights into the electronic properties of the 
various samples. Fig. 6 show the N 1 s level, revealing noticeable dif-
ferences among the samples. Specifically, ZIF-67 exhibits a peak 
centered at 398.8 eV, which can be attributed to nitrogen being part of 
the ZIF-67 structure. However, for the exchanged samples, the N 1 s 
band shifted to higher binding energies and showed a shoulder, allowing 
us to deconvolute the signal into two distinct contributions: one at 399 
eV and another at a higher binding energy. The peak at higher binding 
energies, particularly noticeable for the Co-Trz sample, has been pre-
viously ascribed to doubly bonded nitrogen atom (-N = N-) from the 
triazole units of the network [43,46]. These findings suggest that the 
incorporation of triazole into the structure is taking place. As the degree 
of exchange increases, the intensity of the peak at higher binding en-
ergies also increases. This observation aligns with and provides further 
confirmation of the earlier results. 

Upon examining the Co 2p spectra (Fig. 6b), notable differences can 
be observed among the various samples. For instance, in the ZIF-67 
sample, two broad peaks appear at 781 eV (Co 2p3/2) and 796 eV (Co 
2p1/2), corresponding to Co(II) species. This identification is further 
supported by the presence of satellite peaks between 784 and 790 eV. 
This spectrum aligns with the published data for this material 
[29,30,37,47]. When shifting the focus to the Co-Trz sample and 
analyzing its spectrum, a peak at 782 eV (Co 2p3/2) and another at 
797.01 eV (Co 2p1/2) become apparent, with the satellite peaks being 
indiscernible. Upon reviewing the literature, it is found that this peak 
can be attributed to the presence of Co(III). This finding is highly 

Fig. 6. Shows the results of x-ray photoelectron spectroscopy. a is the 1 s core level of N, B plot the2p core level of cobalt.  
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relevant as it indicates that during the synthesis of Co-Trz, the Co(II) 
species undergo oxidation to Co(III). The exchanged samples exhibit an 
intermediate behavior, and it can be observed that as the degree of ex-
change increases, the degree of Co oxidation also rises [48]. 

The change in cobalt’s oxidation state is accompanied by a notice-
able shift in the sample’s colour. ZIF-67 exhibits an intense blue, almost 
violet, while Co-Trz displays an orange colour. This colour trans-
formation was previously observed by Erkartal et al. [27] when 
exchanging ZIF-67 with a different triazole, although they did not 
conduct a spectroscopic study to determine the Co oxidation state. 
Nonetheless, their findings provide valuable insights into the 
phenomenon. 

Erkartal et al. [27] discovered that the exchange process resulted in a 
shift in the coordination of Co from tetrahedral to octahedral. They 
found that all the nitrogens in the triazole coordinated with cobalt in 
their study. In our case, however, we observed that the nitrogens were 
not coordinated to cobalt, indicating that the octahedral coordination 
responsible for the color change might be the origin of the Co(III) 
oxidation state. Although the specific mechanisms behind this oxidation 
state change are not explored in this paper, we intend to investigate it in 
future research. We believe that understanding this process could open 
up new possibilities for preparing mixed valence MOFs [49]. 

Based on the obtained results, it is evident that it is feasible to ach-
ieve partial exchange of 2-methylimidazole with 1,2,4(1H)triazole while 
preserving the crystal structure and morphology of ZIF-67. With this 
successful demonstration, we proceeded to utilize three of these 
exchanged materials for separation of CH4/CO2 for the valorization of 
natural gas or biogas. 

3.1. Methane carbon dioxide separation 

To assess the adsorption capacity of the materials, CO2 and CH4 
adsorption isotherms at high pressure were conducted on three samples 

representing the limiting cases and one intermediate sample (ZIF-67, 
ZIF-67 m1.1, ZIF-67 m1.2). The results are shown in Fig. 7. It can be 
observed that the CO2 adsorption capacity is higher than that of CH4 in 
all three samples. This indicates that all three materials should, in 
principle, exhibit equilibrium selectivity towards CO2 adsorption. 
Another significant finding is that the adsorption capacity of the 
exchanged samples is lower compared to the original sample. This aligns 
with the characterization results, which revealed a contraction in the 
structure and a significant reduction in the specific surface area of the 
material. Upon closer examination of the CO2 isotherms, it becomes 
evident that the curvature at pressures below 1000 kPa becomes more 
pronounced in the sample with higher exchange rates (ZIF-67 m1.2). 
This observation suggests a stronger affinity of the material for CO2 
compared to the other samples. 

These results once again demonstrate that the surface chemistry of 
these materials can be modified through ligand exchange, resulting in 
materials with higher affinity towards CO2 while maintaining the ZIF-67 
base structure. To qualitatively assess this, we measured the adsorption 
isotherms at three different temperatures (see supporting information) 
and calculated the isosteric heats of adsorption (Figure S6). 

It is interesting to observe that the ZIF-67 m1.1 and ZIF-67 m1.2 
samples exhibit higher CO2 adsorption heats at low coverage compared 
to the ZIF-67 sample. This suggests that the interaction between CO2 and 
the exchanged samples is stronger, indicating a higher affinity. 
Furthermore, we note that the exchange process does not significantly 
affect the adsorption heats of CH4, which remain nearly constant and 
lower than those of CO2 across the entire coverage range for all three 
samples. 

The selectivity of CO2/CH4 adsorption in binary mixtures can be 
determined using the Ideal Adsorption Solution Theory (IAST), a widely 
utilized approach for predicting gas separation in various porous ma-
terials such as porous carbon, zeolites, MOFs, and porous polymers 
[50,51]. The calculations for selectivity are described in detail in the 

Fig. 7. Shows the high-pressure isotherms of ch4 and CO2 for three different samples. The dots indicate the experimental data while the lines are the result of fitting 
the experimental data to the Sips isotherm model. 
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supporting information. 
To begin, we employed the Sips isotherm model to fit the experi-

mental data [52,53]. The fitted curves, displayed in Fig. 7, demonstrate 
excellent agreement with the experimental points, accurately repre-
senting the isotherm behavior. Once the model parameters were deter-
mined, the fitting function was utilized to calculate the CO2/CH4 
selectivity for different compositions of CO2/CH4 mixtures (see sup-
porting information to see calculation details as well as the Matlab 
code). 

When examining the ZIF-67 sample, we observed a consistent 
selectivity ranging from 1.5 to 4 across the entire pressure range and for 
all CO2 percentages in the mixture Fig. 8. These findings align with 
previously published data for ZIF-67 [2,14]. Moving on to the ZIF-67 
m1.1 sample, we observe an increase in selectivity with both pressure 
and CO2 concentration in the mixture [6]. Interestingly, for the ZIF-67 
m1.2 sample, the selectivity reaches an outstanding value of above 30, 
which is notably high for this type of sample and application compared 
to the existing literature [2,4,6,14]. In the supporting information, we 
have included a table (table S2) that compares the selectivity values 
obtained in our study with those from other ZIF and modified ZIF ma-
terials. This additional information is provided for the benefit of the 
reader. 

We attribute this enhancement to two underlying effects. Firstly, the 
contraction of the structure leads to a more pronounced sieving effect, as 
the kinetic diameter of CO2 is 3.3 Å and CH4 is 3.8 Å. This size difference 
allows for more selective adsorption of CO2 over CH4 within the mate-
rial’s pores. 

Secondly, the presence of uncoordinated nitrogen sites, which 
exhibit affinity for CO2 compared to CH4. These nitrogen sites selectively 

interact with CO2 molecules. 
The combined influence of these effects, the enhanced sieving effect 

and the presence of uncoordinated nitrogen sites, synergistically con-
tributes to the improved selectivity of the exchanged samples towards 
CO2 over CH4. 

These results indicate that ZIF-67 has very poor properties for use as 
a molecular sieve for CO2 and CH4. However, when the material is 
modified, its separation capacity changes. Thus, when using the ZIF-67 
m1.1 sample, the material separates CO2 at high pressures better than at 
low pressures. This makes it ideal for high pressure applications such as 
the valorisation of CO2 that is extracted from natural gas wells. While 
the ZIF-67 m1.2 sample is more selective at lower pressures, making it 
ideal for biogas purification. 

4. Conclusions 

This study reveals a finding regarding the exchange of a portion of 
the ligand within the ZIF-67 structure with a 1,2,4 1H-triazole ligand. 
This exchange leads to two crucial effects: structural contraction and the 
emergence of uncoordinated nitrogen sites. These combined effects 
result in the modified material exhibiting a higher affinity for CO2 
compared to CH4, thereby significantly enhancing its selectivity for CO2 
adsorption over the original ZIF-67 material. 

As a result, the exchanged material demonstrates improved CO2 
selectivity compared to the original ZIF-67 structure. This understand-
ing provides valuable insights for tailoring materials with enhanced CO2 
capture capabilities and underscores the importance of structure engi-
neering and chemical design in optimizing gas adsorption performance. 

Fig. 8. Represents the co2/ch4 selectivities calculated with the iast theory. the top left graph is the zif-67, the top right graph is the sample zif-67 m1.1 and the 
bottom graph is the sample ZIF-67 m1.2. The different lines of the graphs represent the selectivity for different CO2 partial pressures. 

D. Villalgordo-Hernández et al.                                                                                                                                                                                                              



Chemical Engineering Journal 476 (2023) 146846

8

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

No data was used for the research described in the article. 

Acknowledgements 

Financial support from Ministerio de Ciencia e Innovación (Spain, 
PID2020-116998RB-I00) is gratefully acknowledged. Conselleria de 
Innovacion, Universidades, Ciencia y Sociedad Digital (CIPROM/2021/ 
022). This study forms part of the Advanced Materials programme and 
was supported by MCIN with funding from European Union NextGe-
nerationEU (PRTR-C17.I1) and by Generalitat Valenciana 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cej.2023.146846. 

References 

[1] C. Duan, Y. Yu, H. Hu, Recent progress on synthesis of ZIF-67-based materials and 
their application to heterogeneous catalysis, Green, Energy Environ. 7 (2022) 
3–15. 
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