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A B S T R A C T   

A series of mixed-linker Zeolitic Imidazolate Framework(ZIF)-7–8s constructed from different amounts of ben-
zimidazolate (bIm) and 2-methylimidazolate (mIm) linkers were synthesized in this study. We demonstrated that 
by carefully controlling the ratios between bIm and mIm linkers, the particle morphology and pore size of ZIF- 
7–8 can be tailored to selectively adsorb CO2 or SF6 with significantly enhanced uptake capacity. ZIF-7–8 with 
90% bIm and 10% mIm linkers showed a CO2 uptake of 1.44 mmol g− 1 at 293 K (1 bar) and a CO2/N2 selectivity 
of over 30. On the other hand, ZIF-7–8 with 26% bIm and 74% mIm linkers had a high SF6 uptake of 2.08 mmol 
g− 1 at 293 K (1 bar) as well as a high SF6/N2 selectivity of over 40. Isosteric enthalpy of adsorption calculations 
and cyclic adsorption experiments confirmed that both CO2 and SF6 were physisorbed on ZIF-7–8. CO2 was found 
to adsorb rapidly on ZIF-7–8, with over 80% of the total uptake capacity reached within 30 s. Detailed kinetics 
analysis concluded that the adsorption of CO2 and SF6 on these ZIF-7–8s could be described by pseudo-second 
order kinetics and the diffusion was found to be governed by a mixture of different mechanisms. The highly 
tunable sorption properties, high uptake capacity and high selectivity of ZIF-7–8 render them as interesting 
candidate sorbents for different greenhouse gases.   

1. Introduction 

The emission of greenhouse gases has often been linked to climate 
change. It is therefore important to reduce the emission of these gases as 
a way to protect the environment. As such, serious efforts have been put 
forth in recent years to reduce the anthropogenic emission of green-
house gases, particularly in the case of CO2. These efforts have led to a 
resurgence of interest in the development of greenhouse gas removal 
(GGR) and carbon dioxide capture and storage (CCS) technologies [1]. 
As greenhouse gases are often produced and emitted in a mixture with 
other gases, the separation of these gases at their production/emission 
sources plays a key role in reducing their emissions. As a result, gas 
separation and purification processes play an important role in various 
industries, particularly in the energy and chemical industry [2–4]. 
Currently, efficient separation methods are applied or needed in a 
number of different scenarios; CO2 capture from fossil fuel combustion 
processes (i.e., flue gas CO2/N2 separation), natural gas purification 
(CO2/CH4 and CH4/N2 separation), and SF6 recovery from high-voltage 
applications (SF6/N2 separation) are some examples [2,5–9]. Processes 

that have been investigated or developed for these applications range 
from well-developed chemisorption-based processes, such as amine 
scrubbing for the removal of CO2, to membrane filtration, cryogenic 
separation, in situ oxidation techniques, and electrochemical reduction 
etc., [10–12]. Adsorption-based gas separation technologies have 
emerged as promising alternatives to chemisorption-based processes, 
and nanoporous adsorbents such as zeolites, activated carbons, silica 
gels, aluminophosphates, porous metal oxides and metal–organic 
frameworks are recognized as good candidate adsorbents due to their 
ease of handling, reusability, greenhouse gas recoverability and selec-
tivity [13–16]. When choosing a suitable sorbent, a number of factors 
need to be considered. In the case of CO2 removal from a gas mixture, an 
ideal sorbent should have a high CO2 sorption capacity, high CO2 
selectivity, low enthalpyof adsorption, fast uptake and release kinetics, 
low production costs and can be regenerated easily. All of these factors 
are perhaps of equal importance and a suitable sorbent should be chosen 
according to the requirement of the specific application (i.e., space 
available for a CO2 removal unit, the flow of the flue gas stream, etc). 
Zeolitic imidazolate frameworks (ZIFs), a relatively new subclass of 
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metal–organic frameworks (MOFs), have garnered attention in the last 
couple of decades as a promising sorbent [17]. ZIF materials are formed 
from tetrahedrally coordinated metal cations, such as Zn2+, Co2+, and 
Fe2+, that are bridged by organic imidazolate-based ligands, forming 
structures that are topologically isomorphic with zeolites [18,19]. The 
high and permanent porosity, controlled pore structure, and chemical 
stability of these framework materials have made them highly inter-
esting for gas adsorption and separation applications [20,21]. Various 
ZIF materials have over the years been synthesized using different 
metals and imidazolate-based linkers, resulting in structures of various 
topologies and functionalities. Two well-studied examples are ZIF-7 and 
ZIF-8, two structures with sodalite (SOD) topologies as shown in Fig. 1, 
which both comprise of interconnected six-membered rings with an 
inner cage size of 5.58 and 11.60 Å, and pore limiting apertures of 2.37 
and 3.40 Å, respectively [22,23]. Although the two structures are to-
pologically isomorphic, the large difference in cage size and pore 
aperture between the two ZIFs can be attributed to the different linkers 
in the materials. In the case of ZIF-7 a bulkier benzimidazolate (bIm) 
ligand is used to bridge the zinc atoms in the structure while a smaller 
linker, 2-methylimidazolate (mIm), is found in ZIF-8. 

The size of the linkers have been found to have a significant effect on 
the properties of the ZIFs. The bulkier bIm linker found in ZIF-7 not only 
limits the accessible porosity of the framework, but also modulates the 
framework flexibility [25–30]. Such structurally induced changes in ZIF- 
7 has previously been observed upon the adsorption or removal of guest 
molecules, such as CO2 or H2 [22,25–28,30], and the two interchanging 
phases of ZIF-7 were identified and confirmed to contain pores of 
different sizes. The “narrow pore phase” was found to be comprised of 
pores with an aperture of approximately 2 Å while the “large pore 
phase” had an aperture of around 5.2 Å [26]. Similarly, ZIF-8 also ex-
hibits some degree of framework flexibility, which was demonstrated by 
its ability to adsorb molecules (e.g., CH4 (3.89 Å) and N2 (3.60 Å)) larger 
than the reported pore aperture of the six-membered rings (3.40 Å) 
[23,31]. However, although both ZIF structures show signs of frame-
work flexibility, ZIF-8 can be considered to be far more structurally rigid 
than ZIF-7. Thus, combining the pore size properties of ZIF-7 and − 8 by 
synthesizing mixed-linker frameworks may be a way to improve the 
adsorption properties of these ZIFs. In a similar manner, mixed-linker 
ZIF-90 has previously been shown to have tunable adsorption and 

separation properties for small molecules such as CO2, as well as for 
large molecules like butane [32–38]. Further more, computational 
studies on the specific mIm linker substitution in ZIF-7–8 frameworks by 
Krokidas et al. [39] highlighted the importance that the degree of sub-
stitution has on the sorption properties of the framework. The linker 
substitution was found to alter the pore aperture and the inherent 
flexibility of the frameworks, resulting in a greater control of the kinetic- 
and size-driven molecular sieving performance of the mixed-linker ZIFs. 
A mIm substitution of 33% on ZIF-8 was found to result in a reduced CO2 
diffusivity (decreasing from 5.2 ± 0.4 × 10-10 m2 s− 1 in ZIF-8 to 1.6 ±
0.4 × 10-12 m2 s− 1 in ZIF-7–8 (33% bIm)) and an improved CO2/N2 
diffusion selectivity (1.9 ± 0.7 in ZIF-8 to 38 ± 3 in ZIF-7–8 (33% bIm)). 
Thus leading to an enhanced CO2/N2 gas-separation performance as 
compared to pristine ZIF-8. Various methods have been utilized to 
synthesize mixed-linker ZIF-7–8s ranging from conventional sol-
vothermal [40] and microwave [35] synthesis to non-solvent induced 
crystallization methods [41] and more novel approaches such as linker 
insertion using controlled demolition and reconstruction [42]. The 
phase purity, presence of defects, linker-incorporation and framework 
flexibility were found to be strongly influenced by the synthesis pathway 
[42]. Here we report how the pore size of mixed-linker ZIF-7–8s can be 
tuned by carefully adjusting the amount of mIm and bIm linkers in the 
frameworks, and in turn be used to enhance the selective uptake of 
certain greenhouse gases such as CO2 and SF6. A combination of volu-
metric equilibrium sorption and time-resolved gravimetric adsorption 
methods were used to examine the greenhouse gas (CH4, CO2, and SF6) 
adsorption properties of the mixed-linker ZIF-7–8s. We also performed 
detailed analysis of the adsorption thermodynamics and kinetics of the 
greenhouse gas adsorption process. 

2. Experimental section 

2.1. Materials 

Methanol (MeOH), N,N-Dimethylformamide (DMF) and Zn 
(NO3)2⋅6H2O were purchased from VWR International AB, Sweden and 
Benzimidazole (bIm), 2-Methylimidazole (mIm), and Aceticacid‑d4 
(CD3CO2D) were purchased from Sigma-Aldrich, USA. 

All chemicals were used as received without further purification. 

2.2. Synthesis of mixed-linker zeolitic imidazolate frameworks-7–8 (ZIF- 
7–8s) 

Mixed-linker ZIF-7–8 samples were synthesized according to 

Fig. 1. SOD cages of (a-b) ZIF-8 and (c-d) ZIF-7, showing (a and c) the 4- 
membered ring and (b and d) the 6-membered ring of the cages [18,24]. 

Table 1 
Summary of the synthesis conditions and linker composition of the synthesized 
ZIF-7–8 samples.  

Sample 
label 

Sample Synthesis ratio Zn(NO3)2⋅6H2O:bIm: 
mIm:DMF:MeOH 

Synthesis 
time (h) 

a ZIF-8 1.00:0:4.00:129:129 65 
b ZIF- 

70.06–80.94 

1.00:0.07:3.93:129:129 65 

c ZIF- 
70.20–80.80 

1.00:0.27:3.73:129:129 65 

d ZIF- 
70.26–80.74 

1.00:0.32:3.68:129:129 65 

e ZIF- 
70.37–80.63 

1.00:0.36:3.64:129:129 65 

f ZIF- 
70.47–80.53 

1.00:0.39:3.61:129:129 65 

g ZIF- 
70.52–80.48 

1.00:0.40:3.60:129:129 65 

h ZIF- 
70.90–80.10 

1.00:0.80:3.20:129:129 65 

i ZIF- 
70.98–80.02 

1.00:2.40:1.60:129:129 0.5 

j ZIF-7 1.00:4.00:0:129:129 0.5  
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Thompson et al., [41] with some modifications. Briefly, Zn(NO3)2⋅6H2O 
(5 mmol) was dissolved in 50 ml DMF and varying molar ratios of mIm 
and bIm (the molar ratio used for each sample is presented in Table 1) 
was dissolved in 50 ml MeOH. The Zn(NO3)2 solution was thereafter 
poured into the mIm/bIm solution and the mixture was left stirring at 
room temperature for 0.5 to 65 h. The product was thereafter collected 
by centrifugation at 3800 rpm for 30 min, after which it was washed 
with MeOH three times and finally dried at 343 K in a ventilated oven. 

2.3. Characterization 

Powder X-ray diffraction (PXRD) data of the mixed-linker ZIF-7–8 
samples were collected on a Bruker D8 Advance Twin-Twin Powder 
diffractometer (Bruker, Bremen, Germany) using Cu-kα radiation (λ =
1.5418 Å) and operated at 40 kV and 40 mA (0.02̊ step-size and 0.5 s 
time per step). Proton nuclear magnetic resonance (1H NMR) spectra 
were collected using a Bruker AVANCE 400 spectrometer equipped with 
a BBI probehead. Acquisitions involved a 90̊ pulse of 4 µs and a 5 s 
relaxation delay, which were verified to provide quantitative spectra. 
Chemical shifts were referenced with respect to an external reference of 
0.3% CHCl3 in acetone‑d6. Samples were digested in CD3CO2D for 2 days 
prior to the analysis. The morphology of the synthesized materials were 
studied using a Zeiss LEO 1530 scanning electron microscope (SEM) 
(Oberkochen, Germany) equipped with a Schottky FEG and operated at 
2.5 kV. The samples were Ag/Pd sputter-coated prior to imaging. 

2.3.1. Volumetric gas sorption analysis 
Gas sorption experiments were performed on a Micromeritics ASAP 

2020 surface area analyzer (Norcross, GA, USA). As-synthesized samples 
were degassed at 423 K under dynamic vacuum (1 × 10-4 Pa) for 4 h 
prior to analysis. Langmuir and Brunauer-Emette Teller (BET) specific 
surface areas (SSA) of the samples were calculated from N2 sorption 
isotherms obtained at 77 K and CO2 isotherms for selected samples were 
recorded at 195 K. Sorption isotherms of CH4, CO2, N2 and SF6 were 
recorded between 273 and 303 K on a Micromeritic ASAP 2020 surface 
area analyzer. The temperature was controlled using an insulated bath 
containing water or a water–ice slurry. Isosteric enthalpies of adsorption 
for CO2 and SF6 on selected samples were calculated using the Clausius- 
Clapeyron equation from fitted adsorption isotherms obtained at 273, 
283, 293, and 303 K. Ideal adsorption solution theory (IAST) selectivites 
were calculated from single-component isotherms for CH4, CO2, N2 and 
SF6 at 293 K. All isotherms were fitted using the single-site Langmuir, 
dual-site Langmuir, Freundlich, Toth or two-step Langmuir-Freundlich 
model (fitted parameters are shown in Table S4-S6). 

2.3.2. Gravimetric gas adsorption analysis 
The CO2 and SF6 adsorption kinetics on ZIF-7, ZIF-8 and the mixed- 

linker ZIF-7–8 samples were monitored using a Mettler Toledo TGA/DSC 
3+ (Schwerzenbach, Switzerland). The data was collected on approxi-
mately 15 mg of sample that was pre-treated at 423 K in a N2 atmosphere 
(50 ml/min flow-rate) for 30 min prior to the experiment. After heat 
treatment the sample was cooled to 303 K and the gas flow was switched 
to CO2 (50 ml/min flow-rate) for 20 min or SF6 (40 ml/min flow-rate) 
for 180 to 360 min. The weight of the sample was monitored during 
this time to assess the gas adsorption rates. 

3. Results and discussion 

3.1. Synthesis of ZIF-7–8 

A number of ZIF-7–8 samples containing varying amounts of bIm: 
mIm were synthesized by adjusting the stoichiometry of the synthesis 
mixture. All of the obtained ZIF-7–8s were found to be crystalline by 
PXRD (Fig. 2) and the bIm:mIm linker ratio of each sample was deter-
mined by 1H NMR spectroscopy (presented as ZIF-7xx-8yy, where xx and 
yy refer to the molar ratio of bIm and mIm in the framework as obtained 
from 1H NMR, respectively). Table 1 presents the chemical composition 
of the synthesis mixture as well as the bIm:mIm ratio in the obtained ZIF- 
7–8 sample (for clarity, in the rest of this study, we will discuss these 
samples using ZIF-8 as the starting point, and that mIm linkers are 
replaced with bIm linkers to produce the ZIF-7–8). According to Table 1, 
it appeared that the amount of bIm linker (% blm) in ZIF-7–8 increased 
sharply when the bIm:mIm molar ratio used in the synthesis was 
increased from 0.40:3.6 (sample g) to 0.80:3.2 (sample h). This obser-
vation showed that the bIm content in the ZIF-7–8s increased noticeably 
when the bIm:mIm ratio in the synthesis mixture surpassed a certain 
threshold (i.e. 0.40:3.6), which is in good agreement with previous 
findings made by Thompson et al. [41]. 

As shown in Fig. 2a, the PXRD patterns of the synthesized ZIF-7–8s 
resembled either ZIF-7 or ZIF-8, suggesting that all of the mixed-linker 
ZIF-7–8s adopted the same framework structure as one of the parent 
ZIF-compounds. Neither the formation of physical mixtures of ZIF-7 and 
ZIF-8, nor the presence of other impurities, were observed according to 
the PXRD data. As shown in Fig. 2a, the PXRD pattern of sample b to g 
(ZIF-7–8s containing up to 52% bIm linkers, the rest being mIm linkers) 
closely resembled the PXRD pattern of ZIF-8. On the other hand, for 
sample h and i (over 90% bIm) the PXRD patterns closely resembled that 
of ZIF-7. 

The particle morphology of the synthesized ZIF-7–8s were examined 

Fig. 2. (a) PXRD patterns of sample a-j and (b) nitrogen sorption isotherms recorded at 77 K for sample a (ZIF-8), sample d (ZIF-70.26–80.74), sample g (ZIF- 
70.52–80.48), and sample j (ZIF-7). 
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using SEM as shown in Fig. 3. Sample b (Fig. 3b, 6% bIm) was shown to 
be composed of prototypical rhombic dodecahedron shaped particles, 
similar to that observed for ZIF-8 (sample a) [41,43]. However, irreg-
ularly shaped particles composed of seemingly intergrown crystals could 
be seen when the bIm linker incorporation increased above 20% as 
shown for sample c (Fig. 3c). Similarly, sample d-g, (Fig. 3d-g) appeared 
as aggregates comprised of small and irregularly shaped particles with 
no observable intergrowth. According to the SEM images, the average 
particle size of these small particles were similar across all samples and 
were found to be around 110–120 nm, apart from in sample g where the 
particle size was found to be approximately 210 nm. The comparable 
particle size in sample d-f may indicate that the crystal growth-rate was 
similar for all three samples. The morphology of sample h and i (Fig. 3h- 
i) showed a clear deviation from both the rhombic dodecahedron 
structure of ZIF-8 and the irregular particle shape of sample d-g. The 
smooth oval-shaped particles that were observed for sample h and i, 
respectively, show a strong resemblance to the particle morphology of 
ZIF-7 (Fig. 3j). However, the large discrepancy in the estimated particle 
size of sample h (~200 nm) compared to sample i (~45 nm) and ZIF-7 
(~55 nm) could be attributed to a difference in synthesis time for the 

materials, as sample h was left to react for 65 h whereas sample i and 
ZIF-7 were left for 0.5 h. 

3.2. Porosity analysis of ZIF-7–8s 

Nitrogen sorption isotherms, shown in Fig. 2b and Figure S3-S12, 
demonstrated a decrease in N2 porosity of the ZIF-7–8s as the % of bIm 
linker increased. The calculated Langmuir and BET SSA of the mixed- 
linker ZIF-7–8s (Table 2) showed that the SSA of these samples 
decreased with increasing % bIm. The apparent reduction in porosity 
was expected to some degree due to ZIF-7′s (100% bIm) well- 
documented low N2 uptake [41,44]. A noticeable hysteresis was 
observed on the N2 sorption isotherms for sample h (90% bIm) and i 
(98% bIm), and the N2 diffusion was also found to be very slow/ 
restricted (with an excess equilibration time required at low pressures). 
The slow N2 diffusion observed on sample h and i could be related to the 
presence of very narrow pores with apertures close to the kinetic 
diameter of N2. Thus, the obtained N2 isotherms may not represent true 
equilibrium isotherms and may thus indicate that N2 gas cannot be used 
to analyze the porosity of ZIF-7–8 materials containing these narrow 
pores. The slow diffusion of N2 and hysteresis was also observed to some 
degree in ZIF-7 (Figure S13), which was expected due to the restricted 
access of N2 into narrow pores of ZIF-7, as previously mentioned 
[27,44]. It is therefore important to note that the SSA and pore volumes, 
listed in Table 2, for sample h, i and j (ZIF-7) were most likely under-
estimated. The isotherms for sample h-j, shown in Figure S10-S12, were 
obtained using the same settings as the other samples and are only 
intended to be used for comparison rather than for a detailed porosity 
analysis. 

Changes in the effective pore size of the obtained ZIF-7–8 samples 
were studied using the density functional theory (DFT) pore size dis-
tributions (PSD) and shown in Fig. 4 (as well as in Figure S3-S9). The 
DFT method is widely used to estimate PSD in microporous materials 
such as ZIFs (for more information we refer the reader to previous 
literature on this topic [45–48]). 

It is important to note that the pore sizes obtained by DFT are model 
dependent estimates of the real pore sizes and these values should not be 
taken as true values. The values presented here will be used only to 
illustrate the trend and the effect that bIm has on the pore size for all ZIF- 
7–8 materials. The pore structure of ZIF-7–8s was found to undergo a 
number of changes as the bIm linker content increased. According to the 
DFT-PSD shown in Fig. 4, several types of micropores were identified 
and observed to exist in these ZIF-7–8s. The PSD of ZIF-8 showed pores 
with three different apertures, located at ~ 1.0, ~ 1.25 and ~ 1.45 nm 
(Fig. 4 and Figure S3). The appearances of the ~ 1.25 and ~ 1.45 nm 
pores were most likely related to the “gate-opening effect” as proposed 

Fig. 3. SEM images of (a) sample a (ZIF-8), (b) sample b (ZIF-70.06–80.94), (c) 
sample c (ZIF-70.20–80.80), (d) sample d (ZIF-70.26–80.74), (e) sample e (ZIF- 
70.37–80.63) (f) sample f (ZIF-70.47–80.53), (g) sample g (ZIF-70.52–80.48), (h) 
sample h (ZIF-70.90–80.10), (i) sample i (ZIF-70.98–80.02), and (j) sample j (ZIF-7). 

Table 2 
Calculated Langmuir and BET specific surface areas of sample a-j. The numbers 
in brackets are expected to be an underestimate of the true values.  

Sample 
label 

Sample SLangmuir
a 

(m2 g− 1) 
SBET

b 

(m2 g− 1) 
Vmicro

c 

(cm3 g− 1) 
Vtot

d 

(cm3 g− 1) 

a ZIF-8 1896 1540  0.62  0.69 
b ZIF-70.06–80.94 2015 1624  0.66  0.79 
c ZIF-70.20–80.80 1402 1162  0.44  0.60 
d ZIF-70.26–80.74 1169 948  0.36  0.53 
e ZIF-70.37–80.63 1072 866  0.32  0.56 
f ZIF-70.47–80.43 829 668  0.26  0.41 
g ZIF-70.52–80.48 687 557  0.21  0.32 
h ZIF-70.90–80.10 (348) (283) –  – 
i ZIF-70.98–80.02 (228) (178) –  – 
j ZIF-7 (545) (396) –  –  

a Langmuir surface areas were calculated using the Langmuir equation in the 
pressure interval between 5 and 15 kPa. b BET surface areas were calculated over 
a pressure interval between 0.05 and 0.15 p/p̊. c Micropore volumes were 
calculated using the t-plot method. d The estimated total pore volumes were 
calculated at 0.99 p/p̊. 
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by Casco et al. in ZIF-8 [49]. Upon introducing bIm into the structure of 
ZIF-8, even at a low % bIm (i.e. sample b and c, which consisted of up to 
20% bIm), the pore structured changed noticeably. The pore volume 
related to the pores at ~ 1.25 and ~ 1.45 nm, as observed in ZIF-8, 
decreased (Fig. 4, Figure S4 and S5) and it appeared that the pore vol-
ume related to the ~ 1.0 nm pores increase. The gate-opening effect seen 
in ZIF-8 was not observed in sample b, which also explained the increase 
in pore volume of the ~ 1.0 nm pores and was in good agreement with 
the observations made by Thompson et al. on ZIF-7–8s [41]. The aper-
ture of the ~ 1.0 nm pores found in ZIF-8 and sample b reduced in size 
when the bIm content reached above 6% (i.e. sample c-g, 20–52% bIm). 
In sample c-g, two types of pores with reduced apertures of ~ 0.93 nm 
and ~ 0.73 nm were detected and the overall pore volume related to 
these two pores also decreased with increasing bIm content. The DFT- 
PSD and the data presented in Table 2 would suggest that as the bIm 
content in ZIF-7–8s increased, the materials became decreasingly porous 
towards N2. However, gas adsorption isotherms preformed at 293 K 
(discussed later) confirmed that ZIF-7–8s with high bIm content 
remained highly porous towards other gases. The changes to the pore 
apertures in ZIF-7–8s with increasing bIm content can therefore, be 
summarized as follows: 1) In ZIF-8, pores with an aperture of ~ 1.0 nm 
dominated. These pores could expand to ~ 1.25–1.45 nm via the gate- 
opening effect [49]. 2) At low bIm content (sample b, 6% bIm), the 
pore aperture remained at ~ 1.0 nm but the gate-opening effect was no 
longer observed. 3) Above 6% bIm (sample c-g) the pore aperture 
decreased in size and the emergence of two types of pores with apertures 
of ~ 0.93 nm and ~ 0.73 nm were observed. 4) From 26% bIm and 
above (sample c-g) the ~ 0.93 nm and ~ 0.73 nm pores gradually 
reduced in size to an aperture that could not be detected by N2 sorption 
at 77 K, possibly less than ~ 0.5 nm (detection limited of N2, as 
demonstrated by zeolite 4A [50,51]). It is also possible that these very 
narrow pores existed in all other ZIF-7–8s but remained undetected due 

to the limitations of the probe molecule. 5) Above 52% bIm (sample h-j), 
the majority of the pores in ZIF-7–8s were too small for N2 sorption at 77 
K (i.e. < ~ 0.5 nm), but remained large enough for sorption of other 
gases at 293 K. Confirming that the porosity of these ZIF-7–8s was still 
high (as shown in Fig. 5, Table 3 and as will bediscussed later on). 

3.3. CO2 adsorption and separation in ZIF-7–8s 

Equilibrium gas sorption isotherms of CH4, CO2, N2, and SF6 recor-
ded at 293 K for samples a–j are shown in Fig. 5 (the total uptakes at 1 
bar presented in Table 3 and Table S2). The CO2 uptake on sample a-g 
(0–52% bIm, Fig. 5a-g) displayed a gradual increase as the % bIm 
increased. Specifically, the CO2 uptake at 1 bar rose from 0.77 mmol g− 1 

on ZIF-8 (Fig. 5a) to 1.53 mmol g− 1 on sample g (52% bIm, Fig. 5g). As 
discussed earlier, sample g was expected to have a notable amount of 
pores with an aperture < ~ 0.5 nm. These narrow pores may be close in 
aperture to the kinetic diameter of CO2 (~0.33 nm) and would be 
suitable for CO2 adsorption. The CO2 uptake on sample g was compa-
rable to other ZIFs including ZIF-67 (0.95 mmol g− 1 at 298 K and 1 bar) 
[52], ZIF-100 (1.45 mmol g− 1 at 273 K and 1 bar) [53], ZIF-79 (1.49 
mmol g− 1 at 273 K and 1 bar) [53], and MOFs such as UiO-66 (~1.6 
mmol g− 1 at 298 K and 1 bar) [54] and IRMOF-11 (1.8 mmol g− 1 at 298 
K and 1.1 bar) [55]. The shape of the CO2 adsorption isotherms also 
adopted the Langmuir isotherm shape when the % bIm increased, which 
was also related to the reduction in pore aperture associated with the 
increasing % bIm. Pores with apertures close to the kinetic diameter of 
CO2 could show increased interaction with CO2 and the Langmuir sha-
ped isotherms shown by sample f-h (Fig. 5f-h) indicated such increased 
interaction. The CO2 uptake on samples with high % bIm (sample h-i) 
was found to be slightly lower when compared to sample g. The pore 
apertures in these samples with high % bIm could be considered to be 
continuously decreasing, therefore, CO2 adsorption became increasingly 

Fig. 4. DFT-PSD plot showing the decrease in the estimated pore aperture with increasing % bIm for ZIF-7–8 samples containing 0–0.52% bIm.  

M. Åhlén et al.                                                                                                                                                                                                                                   



Chemical Engineering Journal 422 (2021) 130117

6

restricted. The CO2 adsorption/desorption isotherm for ZIF-7 did not 
adopt the Langmuir isotherm shape and showed significant hysteresis. 
The hysteresis was attributed to a reversible gate-opening mechanism 
that was previously reported for CO2 adsorption on ZIF-7 [26–28,30]. 
The same phenomena was observed to some degree in sample i, which 
had a bIm content of 98% (Fig. 5i). 

The CO2 sorption on ZIF-7–8s was found to occur by physisorption. 
This was demonstrated by the cyclic CO2 uptake shown for sample g 
(bIm 52%, with the highest CO2 uptake of all ZIF-7–8s) shown in Fig. 6a. 
A minimal decrease of 0.26% in the overall CO2 adsorption capacity (at 
1 bar) was observed after 5 cycles where only vacuum regeneration was 
use in-between cycles. The isosteric enthalpy of CO2 sorption (ΔHads) 
(Fig. 6b) for sample g (bIm 52%) was calculated using the adsorption 
isotherms recorded at different temperatures (273–303 K, Figure S15- 

S16, Table S3). The CO2 ΔHads was found to be in the region of ~ 24–32 
kJ mol− 1 (at up to 1.2 mmol loading) which were in the range expected 
for physisorbents. Similar ΔHads values have been reported for pristine 
ZIFs, such as ZIF-8 (~27 kJ mol− 1) [56] and ZIF-7 (~32.5–30.5 kJ 
mol− 1) [22] as well as for other mixed-linker ZIF-materials like ZIF-8- 
aminobenzimidazole (at aminobenzimidazole % between 14 and 47) 
(19.4–22.1 kJ mol− 1) [57] and ZIF-8–90 (carboxaldehyde-2-imidazole 
50%) (25.6 kJ mol− 1) [57]. 

The CO2-over-N2 (CO2/N2) selectivities of the ZIF-7–8 samples 
(sample a-j) were calculated for a hypothetical exhaust flue gas mixture 
with a CO2:N2 composition of 15:85 v/v % using the equation s = (qCO2/ 
qN2)/(pCO2/pN2) and are shown in Table 3. The CO2/N2 selectivity 
increased with increasing % bIm in ZIF-7–8s. The increase in selectivity 
was related to the shape of the CO2 sorption isotherm going from linear 
(ZIF-8) toward the Langmuir shape (i.e. increased uptake especially at 
low pressure - sample f-h). The change in the isotherm shape was related 
to the enhanced molecular (i.e. VdW) interaction between CO2 and the 
increasingly narrow pores in ZIF-7–8s at medium to high % bIm (i.e. >~ 
52% bIm) (This was also observed for all CO2 adsorption isotherms 
recorded at 195 K, Figure S14). Note that the increased interaction be-
tween the narrow pores and the CO2 gas molecules are purely an effect 
of the narrow pore size, and not related to the surface area or pore 
volume obtained using N2 sorption. The calculated CO2/N2 selectivities 
for ZIF-7–8s ranged from ~ 7.5 to ~ 36, where ZIF-7 showed the highest 
selectivity of all samples. However, the CO2 uptake on ZIF-7 at CO2 
partial pressure ranges relevant for real life applications (i.e. up to 0.2 
bar) was noticeably lower than on ZIF-7–8 samples with similarly high 
selectivities (e.g. sample h, 90% bIm) (Fig. 6c). Therefore, the CO2/N2 
selectivity of ZIF-7 will not be discussed further. Sample h (90% bIm) 
was found to have the highest CO2/N2 selectivity (32.6) of all mixed- 
linker ZIF-7–8s in this study, higher than that of ZIF-68 (18.7) [53], 
ZIF-69 (19.9) [53], ZIF-70 (17.3) [53], ZIF-95 (18) [53] and comparable 
to the selectivites obtained for UiO-66-NH2 (~31.5) [58] and ZIF-82 
(35.3) [59]. The other ZIF-7–8 samples (sample f-i, 47–98% bIm) all 
showed reasonably high CO2/N2 selectivity of over 20. The IAST selec-
tivities for all ZIF-7–8 samples (Figure S18) also showed a similar trend 
which corresponded well with the previously made observations. 

3.4. SF6 adsorption and separation in ZIF-7–8s 

The adsorption of SF6 on ZIF-7–8s with varying % bIm are presented 
in Fig. 5 and Fig. 6d. Similar to that observed for CO2, the SF6 uptake 
varied as the % bIm increased in ZIF-7–8s. The SF6 adsorption isotherms 
for sample a (ZIF-8) and b (6% bIm) were linear and showed low SF6 
uptake. However, when the bIm reached ~ 20% (i.e., sample c), the SF6 
uptake and the shape of the isotherms changed dramatically. The 
adsorption capacity at 1 bar (293 K) also increased from 0.15 mmol g− 1 

on ZIF-8 (sample a) to 1.40 mmol g− 1 on sample c (20% bIm). The 
highest SF6 uptake was, however, observed on sample d (26% bIm, 2.04 
mmol g− 1, 293 K and 1 bar), followed by sample e (37% bIm, 1.81 mmol 
g− 1

, 293 K and 1 bar). Samples f-j all had a significantly lower total 
uptake capacity, which varied between 0.46 and 1.56 mmol g− 1. The SF6 
uptake on sample d (26% bIm) was comparable to what has been re-
ported for MOFs such as MIL-101(Cr) (2.01 mmol g− 1 at 298 K and 1 
bar) [60] and DUT-9 (2.32, mmol g− 1 at 298 K and 1 bar) [60], but lower 
than that reported for Mg-MOF-74 (6.5 mmol g− 1 at 298 K and 1 bar) 
[61], Co-MOF-74 (5.3 mmol g− 1 at 298 K and 1 bar) [61], Zn-MOF-74 
(3.9 mmol g− 1 at 298 K and 1 bar) [61], HKUST-1 (4.77 mmol g− 1 at 
298 K and 1 bar) [60] and MIL-100(Fe) (2.94 mmol g− 1 at 298 K and 1 
bar) [60]. 

According to Fig. 4 and earlier discussions, the large 1.0 nm pore 
apertures in ZIF-8 reduced in size with increasing % bIm. The SF6 uptake 
behavior was notably different when the 1.0 nm pores began to reduce 
in size resulting in the emergence of pores with apertures of ~ 0.93 nm 
and ~ 0.73 nm (i.e. first seen on sample c). The samples with predom-
inantly ~ 0.93 nm and ~ 0.73 nm pores showed the highest SF6 uptake 

Fig. 5. CH4, CO2, N2, and SF6 equilibrium sorption isotherms recorded at 293 K 
and 1 bar for (a) sample a (ZIF-8), (b) sample b (ZIF-70.06–80.94), (c) sample c 
(ZIF-70.20–80.80), (d) sample d (ZIF-70.26–80.76), (e) sample e (ZIF-70.37–80.63), 
(f) sample f (ZIF-70.47–80.53), (g) sample g (ZIF-70.52–80.48), (h) sample h (ZIF- 
70.90–80.10), (i) sample i (ZIF-70.98–80.02), and (j) sample j (ZIF-7). 
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(i.e. sample c-f, which had an uptake ranging from 1.40 to 2.08 mmol 
g− 1, the shape of these SF6 isotherms also showed Langmuir tendencies). 
According to the shape of the SF6 isotherms, we believe that the reduced- 
size pores provided enhanced VdW interaction with SF6 (i.e., these pores 
had the right size to interact with SF6 molecules). As the % bIm in ZIF- 
7–8s increased further (sample e-j), the pore volume of these two types 

of pores dropped, which also reflected on the SF6 uptake in these sam-
ples. (Note that the overall N2 surface area and porosity is somewhat 
unrelated to sorbent-SF6 interaction, as highlight in the discussion on 
CO2 selectivity earlier). It was also noted that sample c (20% bIm) had a 
higher surface area (see Table 3) and higher pore volume related to 
these ~ 0.93 nm and ~ 0.73 nm pores than both sample d (26% bIm) 
and e (37% bIm) (Table 2 and Table S1). Yet, the SF6 uptake on sample 
d and e was higher than on sample c. An explanation to this observation 
using the PSD data could not be found. However, the differences in 
particle morphology (Fig. 3c-e) may have had an impact on the equi-
librium uptake of SF6 on these samples - possibly stemming from the 
larger intergrown particles observed for sample c, compared to the 
aggregated clusters of irregularly shaped particles comprising sample 
d and e. An extended equilibrium time of 30 s was used when recording 
the SF6 sorption isotherms for all samples in order to account for kinetic 
effects; however the SF6 uptake on sample c remained lower. The cyclic 
SF6 uptake on sample d (which had the highest SF6 uptake of all sam-
ples) showed that the adsorption of SF6 decreased from 2.03 mmol g− 1 

to 1.84 mmol g− 1 after 5 cycles when only vacuum was used for 
regeneration (Fig. 6a). On the other hand, when gentle heat (423 K) was 
applied during regeneration, the SF6 uptake on sample d increased to 
2.2 mmol g− 1. Which suggested that the hysteresis that was observed on 
the SF6 adsorption/desorption isotherms was due to kinetically 
restricted desorption of SF6, and not chemisorption. The calculated 
ΔHads of SF6 on sample d was in the region of ~ 15–25 kJ mol− 1 at up to 
1.2 mmol loading (Fig. 6b, Figure S15-S16, Table S3). For comparison, 
the ΔHads for SF6 on porous carbon physisorbent was reported to be ~ 
23–27 kJ mol− 1 [62] and between 26 and 28 kJ mol− 1 for MOF-74 [61]. 
The low ΔHads for SF6 that was observed for sample d further confirmed 
that physisorption was the adsorption mechanism of SF6 on these ZIF- 
7–8 frameworks. Similarly, the ΔHads for N2 and CH4 were also calcu-
lated for sample a, d, g and j, and were found to vary between ~ 5–24 kJ 
mol− 1 (at 0.02 to 0.11 mmol g− 1 loading) for N2 and 14–20 kJ mol− 1 

(0.08 to 0.26 mmol g− 1) for CH4. 
The SF6-over-N2 (SF6/N2) selectivities were calculated for a hypo-

thetical gas mixture with a SF6:N2 composition of 10:90 v/v %, which is 
typically used in high voltage applications or in the manufacture of 
electronic products [16,63]. The SF6/N2 selectivity for ZIF-7–8 s ranged 
from 1.3 on sample b to over 40 on sample d (Table 3). The SF6/N2 
selectivity on sample d was comparable to a number of other porous 
adsorbents such as Zn-MOF-74 (46.1 at 298 K and 1 bar) [61], Co-MOF- 
74 (34.6 at 298 K and 1 bar) [61], and zeolite-13X (43 at 293 K and 1 a 
bar) [8]. The CO2-over-CH4 (CO2/CH4) selectivites for all ZIF-7–8 

Table 3 
Summary of the CH4, CO2, N2, and SF6 uptakes at 293 K and 1 bar and the calculated selectivities for specific gas mixtures for samples a-j.  

Sample 
label 

Sample Uptake Selectivity   

CH4 (mmol 
g− 1) 

CO2 (mmol 
g− 1) 

N2 (mmol 
g− 1) 

SF6 (mmol 
g− 1) 

CO2/N2 

(15:85) 
CO2/CH4 

(50:50) 
CH4/N2 

(50:50) 
SF6/N2 

(10:90) 
a ZIF-8  0.28  0.77  0.10  0.15  7.37  2.63  2.53  1.69 
b ZIF- 

70.06–80.94  

0.32  1.18  0.17  0.20  7.72  3.42  1.92  1.31 

c ZIF- 
70.20–80.80  

0.46  1.43  0.17  1.40  8.84  3.03  2.73  20.51 

d ZIF- 
70.26–80.74  

0.46  1.34  0.15  2.08  9.03  2.79  3.11  40.04 

e ZIF- 
70.37–80.63  

0.40  1.28  0.14  1.81  11.57  3.16  2.95  34.37 

f ZIF- 
70.47–80.53  

0.42  1.47  0.12  1.56  22.95  3.99  3.27  26.71 

g ZIF- 
70.52–80.48  

0.40  1.53  0.15  1.19  22.74  4.54  2.86  21.83 

h ZIF- 
70.90–80.10  

0.33  1.44  0.11  0.65  32.61  4.92  3.45  13.17 

i ZIF- 
70.98–80.02  

0.29  1.24  0.09  0.51  30.84  4.39  3.62  15.29 

j ZIF-7  0.24  1.56  0.05  0.46  35.69  4.13  4.80  22.10  

Fig. 6. Plots showing (a) pressure-swing adsorption cycling of CO2 and SF6 at 
293 K and 1 bar, (b) isosteric enthalpies of adsorption (ΔHads) for CO2 and SF6 
on sample g and d, respectively, low-pressure uptakes measured at 293 K and 
(c) 0.15 bar CO2, and (d) 0.1 bar SF6 on samples a-j, and kinetic uptake of (e) 
CO2 and (f) SF6 on sample a (ZIF-8), sample d (ZIF-70.26–80.74), sample g (ZIF- 
70.52–80.48), and sample j (ZIF-7). 
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samples were also calculated and listed in Table 3. The calculated 
selectivity was less than 5 for all samples and the CH4 isotherms all 
adopted a linear shape. Therefore, no major differences in the CH4 up-
take were noted between the ZIF-7–8 samples. Similarly, the IAST se-
lectivities for the ZIF-7–8 samples (Figure S18) all showed similar 
trends. 

3.5. Kinetics of CO2 and SF6 adsorption 

The CO2 and SF6 uptake kinetics on ZIF-7–8s were monitored by a 
gravimetric adsorption method using TGA. The CO2 and the SF6 uptake 
kinetics for sample g (52% bIm, the highest CO2 uptake) and sample 
d (26% bIm, the highest SF6 uptake and SF6/N2 selectivity), along with 
ZIF-8 and ZIF-7 are displayed in Fig. 6e-f. As shown in the figure, the CO2 
uptake on all samples were fast, more than 80% of the maximum uptake 
capacity was reached after just 30 s. With sample g showing the fastest 
CO2 adsorption kinetics (over 89% of the maximum capacity reached 
within 30 s). The SF6 uptake kinetics on the other hand was found to be 
slower than for CO2. The SF6 adsorption on sample d and g reached 50% 
of the maximum sorption capacity after 14 and 20 min, respectively. For 
practical applications, the synthesis of nano-sized versions of these ZIF- 
7–8 materials maybe needed in order to improve the SF6 adsorption 
kinetics. The CO2 and SF6 uptake kinetics of the all the other ZIF-7–8 
samples can be found in the supporting information (Figure S19 and 
Table S7). 

Further analyzes were performed on the collected CO2 and SF6 
sorption kinetics data using the pseudo-first [64] and -second order ki-
netic [65] models and are shown in detail in the supporting information 
(Figure S21-S26). Although neither model holds a physical basis when it 
comes to describing the adsorption processes in microporous materials, 
they are intended to purely give a comparison of the different adsorption 
rates for the two gases. The calculated parameters for the pseudo-first 
and -second order kinetic models can be found in Table S8 and S9. 
These parameters were used to re-model the CO2 and SF6 uptake kinetics 
in order to show the goodness of fit of the respective models (Figure S25 
and S26). Both the linear fit (Figure S21-S24) and the re-modelled iso-
therms (Figure S25 and S26) obtained from the pseudo-second order 
model were observed to best coincided with the experimental CO2 and 
SF6 adsorption isotherms (Table 4, Table S8-S9 and Figure S21-S26). The 
calculated pseudo-second order rate constants, k2, for CO2 were also 

found to be one to three orders of a magnitude larger than the k2
′s for 

SF6. This correlates well with previous observations regarding the slow 
diffusion of SF6 as compared to CO2, which was expected to be due to the 
larger kinetic diameter of SF6 (0.55 nm) as compared to CO2 (0.33 nm). 

The sorption kinetic data were further utilized in order to study the 
rate-limiting diffusion mechanisms of CO2 and SF6 in the ZIF-7–8 
frameworks. Although an accurate determination of the apparent dif-
fusivities are difficult to obtain using gravimetric methods, especially in 
the case of smaller molecules which may have high diffusivities, the 
adsorption kinetics for both CO2 and SF6 were found to occur at a slow 
enough rate to be measured by the apparatus without being significantly 
influenced by instrument-related artifacts. We noted that for some 
physisorbents, heat transfer can significantly affect the adsorption ki-
netics. We therefore used differential scanning calorimetry (DSC) to 
follow the heat flow of the sorbent during the initial stages of CO2 
adsorption. Mixed-linker ZIF-7–8 sorbents were compared with zeolite 
13X and zeolite 4A (which are known to have heat transfer effects) 
(Figure S20). Although the obtained DSC data do not completely exclude 
the effect of heat transfer, it was clear that any heat transfer on ZIF-7–8 
upon CO2 adsorption is relatively insignificant compared to the zeolites. 
However, further analysis is required in order to optimize the sample 
dispersion and size in order to reduce such thermal effects. 

Three different models were tested in order to gain insight into the 
diffusion, including the 1) intraparticle diffusion model [66], 2) Boyd’s 
film diffusion model [67,68] and the 3) intracrystalline diffusion model 
[69–71]. Plots obtained from modelling the intraparticle diffusion of 
CO2 and SF6 in the samples with the highest CO2 and SF6 uptake (i.e., 
sample g and d) along ZIF-7 and ZIF-8 (Fig. 7) showed clear multi- 
linearity, indicating that multiple adsorption process were taking 
place. Thus, intraparticle diffusion could be ruled out as the sole rate- 
limiting mechanism for the diffusion of CO2 and SF6 in ZIF-7–8s. The 
calculated rate constants from the initial part of the slope (region II in 
Fig. 7), kipd2, (Table S10-S11), can be used to estimate the impact that 
film diffusion has on the overall diffusion of the gases [72]. The calcu-
lated kipd2 values were found to be larger when compared with the rate 
constants obtained from regions III and IV (kipd3 and kipd4), thus indi-
cating that the intraparticle diffusion occurred at a slower rate than film 
diffusion and thus plays a more decisive role in the adsorption rate of 
CO2 and SF6 on ZIF-7–8s [72]. The first initial region, region I in Fig. 7, 
was found to most likely be related to the switching of gases in the 

Table 4 
Summary of pseudo-first order and pseudo-second order fitted kinetic parameters for samples a – j.  

Sample label Sample me, exp (mg) Pseudo-first order Pseudo-second order    

k1 (10-3 s− 1) me,1 (mg) Δm (%) k2 (mg− 1 s− 1) me,2 (mg) Δm (%)  

CO2 

a ZIF-8  0.100 8.82 0.027 75 0.90 0.101 5 
b ZIF-70.06–80.94  0.125 8.74 0.020 85 1.86 0.126 5 
c ZIF-70.20–80.80  0.202 11.6 0.045 79 2.36 0.203 8 
d ZIF-70.26–80.74  0.194 9.35 0.033 84 0.77 0.195 7 
e ZIF-70.37–80.63  0.193 11.9 0.045 78 0.71 0.194 7 
f ZIF-70.47–80.53  0.363 6.61 0.025 94 2.35 0.363 11 
g ZIF-70.52–80.48  0.270 6.54 0.028 91 0.35 0.271 5 
h ZIF-70.90–80.10  0.295 5.25 0.027 92 0.63 0.296 6 
i ZIF-70.98–80.02  0.217 4.28 0.026 90 0.30 0.217 2 
j ZIF-7  0.139 7.44 0.027 82 0.50 0.139 3  

SF6 

a ZIF-8  0.206  0.153  0.229 27 6.65 × 10− 4  0.191 15 
b ZIF-70.06–80.94  0.204  0.160  0.225 25 7.37 × 10− 4  0.192 16 
c ZIF-70.20–80.80  1.452  0.178  0.157 19 1.41 × 10− 4  1.393 11 
d ZIF-70.26–80.74  1.539  0.214  1.075 41 4.10 × 10− 4  1.520 9 
e ZIF-70.37–80.63  1.265  0.221  0.629 58 8.43 × 10− 4  1.225 8 
f ZIF-70.47–80.53  0.876  0.195  0.630 39 6.01 × 10− 4  0.859 9 
g ZIF-70.52–80.48  0.847  0.184  0.620 38 5.55 × 10− 4  0.825 9 
h ZIF-70.90–80.10  0.348  0.409  0.128 70 6.49 × 10− 3  0.347 10 
i ZIF-70.98–80.02  0.142  0.452  0.068 60 1.35 × 10− 2  0.142 6 
j ZIF-7  0.164  0.311  0.041 81 2.06 × 10− 2  0.161 6  
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Fig. 7. Plots of the intraparticle diffusion model of CO2 (a, c, e, and g) and SF6 (b, d, f, h) on (a-b) sample a (ZIF-8), (c-d) sample d (ZIF-70.26–80.74), (e-f) sample g 
(ZIF-70.52–80.48), and (g-h) sample j (ZIF-7). 
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Fig. 9. The short-time form of the intracrystalline diffusion model for the CO2 (a, c, e, and g) and SF6 (b, d, f, and h) adsorption on (a-b) sample a (ZIF-8), (c-d) 
sample d (ZIF-70.26–80.74), (e-f) sample g (ZIF-70.52–80.48), and (g-h) sample j (ZIF-7). 
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Fig. 10. The long-time asymptote of the intracrystalline diffusion model for the CO2 (a, c, e, and g) and SF6 (b, d, f, and h) adsorption on (a-b) sample a (ZIF-8), (c-d) 
sample d (ZIF-70.26–80.74), (e-f) sample g (ZIF-70.52–80.48), and (g-h) sample j (ZIF-7). 
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chamber and to be correlated with the initial displacement of N2 with 
CO2 or SF6 on the materials. 

Boyd’s film diffusion model was also applied to the CO2 and SF6 
adsorption kinetic data on sample d and g as well as on ZIF-7 and ZIF-8 
in order to further estimate the significance of film diffusion (Fig. 8). 
Plots obtained from the CO2 kinetic data showed a clear non-linearity in 
the examined time range, while a stronger linear dependence was 
observed for SF6. This observation, in conjunction with the linear fit not 
passing through origin, indicates that film diffusion plays a role in the 
adsorption process of CO2 and SF6 alongside the intraparticle diffusion, 
which is in good agreement with the results obtained from the intra-
particle diffusion model [67,72]. 

The diffusion in micropores, in which the gas molecules are 
constantly influenced by the force field of the sorbate and thus diffuse 
through the pores by jumping between active sites, has often been 
described using the intracrystalline diffusion model [70]. The fractional 
uptake of both CO2 and SF6 showed a non-linear relationship at both the 
short and long time asymptotes, Figs. 9 and 10. In particular, a strong 
deviation from linearity was observed at the initial stages of adsorption, 
which, as previously mentioned, was most likely related to the initial 
displacement of N2 on the materials. However, these deviations are also 
likely related to heat transfer effects, particularly at the later stages of 

the adsorption process which is also visible in the DSC thermograms for 
sample g (Figure S20) [73]. These effects would have a significant 
impact on the long-time form of the intracrystalline diffusion model, 
which is known to be more sensitive to heat transfer effects compared to 
the short-time form [74]. Apart from these regions, the models showed 
improved linear conformity, which would suggest that intracrystalline 
diffusion may play a decisive role in the adsorption of CO2 and SF6 in 
ZIF-7–8s. This observation is further supported by the remodeled 
adsorption isotherms of CO2 and SF6 (Figure S35 and S36), and is also in 
good agreement with reports on the mass flux of gases in microporous 
materials such as zeolites and many MOFs, where intracrystalline 
diffusion is the dominating rate-limiting mechanism [70,74]. 

As the three tested models appeared to fit the data to some degree, it 
can be assumed that the diffusion of CO2 and SF6 on ZIF-7–8s was 
governed by more than one type of diffusion mechanism, although 
micropore diffusion was found to likely play a decisive role. Despite the 
lack of a well-fitted diffusion model, the estimated effective diffusion 
coefficients, Do/r2 (where Do denotes the diffusion coefficient (cm2 s− 1) 
and r the radius of the particles (cm)), of the different samples for both 
CO2 and SF6 are listed in Table 5. The values appeared to be in the same 
range as those reported for CO2 sorption on zeolites (ranging from 2.20 
× 10− 2 s− 1 to 3.64 × 10− 5 s− 1) [75–78]. The D0/r2 of SF6 on all samples 
were found to be one to three orders of a magnitude smaller than the D0/ 
r2 of CO2. 

4. Conclusion 

We synthesized a series of mixed-linker ZIF-7–8s with varying 
amounts of bIm and mIm linkers. The obtained ZIF-7–8s were all highly 
crystalline and PXRD pattern of these resembled either ZIF-7 or ZIF-8. 
The amount of bIm linker in the ZIF framework varied from 6 to 98% 
as confirmed using 1H NMR. We observed a systematic reduction in the 
pore aperture from ~ 1.0–1.5 nm to < ~ 0.5 nm when the amount of 
bIm linker in the ZIF-7–8 framework increased. Gas adsorption experi-
ments showed that ZIF-7–8s can be tuned to selectively adsorb CO2 or 
SF6 over N2. The presence of the ~ 0.93 nm and ~ 0.73 nm pores were 
related to the enhanced SF6 uptake on ZIF-7–8s containing 20–52% bIm 
linkers. Narrow pores that could not be detected by N2 sorption were 
responsible for the high CO2 selectivity on ZIF-7–8s with ~ 90% bIm 
linkers. Although framework flexibility is known to exist in these ZIF 
sorbents, it did not appear to play a noticeable role in experiments 
carried out in this study. Detailed adsorption kinetic studies were carried 
out using TGA analysis and the adsorption of CO2 on ZIF-7–8s were 
found to be fast, while the SF6 uptake was found to be slower in com-
parison. Pseudo-second order adsorption kinetics could describe the 
adsorption process well and the diffusion of CO2 and SF6 in the ZIF-7–8 
framework was governed by a mixture of different mechanisms ac-
cording to the obtained data. Further studies on the sorption kinetics 
using methods such as in-situ IR spectroscopy and PFG NMR would be 
interesting for these sorbents. Note that even though sorbents with su-
perior SF6/N2 or CO2/N2 selectivities exist, we showed here that the ZIF- 
7–8, and possibly many other ZIFs/MOFs systems can be easily adapted 
for selective adsorption of various gases. Specifically, we demonstrated 
that by fine-tuning the pore aperture on ZIF-7–8s, we could produce 
physisorbents with enhanced selectivity and relatively high capacity for 
SF6 or CO2, these sorbent are also stable and can be easily regenerated. 

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. 

Acknowledgements 

Dr. Panagiotis Krokidas of National Center for Scientific Research 

Table 5 
Summary of the calculated effective diffusion coefficients for CO2 and SF6 ob-
tained from the intracrystalline diffusion model and Boyd’s film diffusion model 
for samples a – j.  

Sample 
label 

Sample Do/r2 (s− 1)   

Intracrystalline diffusion model Boyd’s film 
diffusion 
model   

Short-time 
form 

Long-time 
asymptotic form  

CO2 

a ZIF-8 2.98 × 10− 3 8.94 × 10− 4 9.31 × 10− 4 

b ZIF- 
70.06–80.94 

3.38 × 10− 3 1.18 × 10− 3 1.21 × 10− 3 

c ZIF- 
70.20–80.80 

3.22 × 10− 3 1.16 × 10− 3 1.18 × 10− 3 

d ZIF- 
70.26–80.74 

3.46 × 10− 3 9.61 × 10− 4 9.76 × 10− 4 

e ZIF- 
70.37–80.63 

3.75 × 10− 3 1.16 × 10− 3 1.19 × 10− 3 

f ZIF- 
70.47–80.53 

3.82 × 10− 3 8.59 × 10− 4 8.46 × 10− 4 

g ZIF- 
70.52–80.48 

4.26 × 10− 3 7.65 × 10− 4 7.21 × 10− 4 

h ZIF- 
70.90–80.10 

4.06 × 10− 3 6.41 × 10− 4 6.16 × 10− 4 

i ZIF- 
70.98–80.02 

3.44 × 10− 3 4.25 × 10− 4 5.43 × 10− 4 

j ZIF-7 4.83 × 10− 3 7.55 × 10− 4 7.85 × 10− 4 

SF6 

a ZIF-8 3.86 × 10− 6 2.01 × 10− 5 1.17 × 10− 5 

b ZIF- 
70.06–80.94 

4.36 × 10− 6 2.03 × 10− 5 1.25 × 10− 5 

c ZIF- 
70.20–80.80 

7.52 × 10− 6 1.92 × 10− 5 1.40 × 10− 5 

d ZIF- 
70.26–80.74 

3.11 × 10− 5 1.87 × 10− 5 1.85 × 10− 5 

e ZIF- 
70.37–80.63 

7.30 × 10− 5 1.91 × 10− 5 1.98 × 10− 5 

f ZIF- 
70.47–80.53 

2.78 × 10− 5 1.74 × 10− 5 1.68 × 10− 5 

g ZIF- 
70.52–80.48 

2.35 × 10− 5 1.67 × 10− 5 1.57 × 10− 5 

h ZIF- 
70.90–80.10 

8.33 × 10− 5 3.52 × 10− 5 4.00 × 10− 5 

i ZIF- 
70.98–80.02 

1.22 × 10− 4 3.94 × 10− 5 4.20 × 10− 5 

j ZIF-7 1.23 × 10− 4 2.68 × 10− 5 3.14 × 10− 5  

M. Åhlén et al.                                                                                                                                                                                                                                   



Chemical Engineering Journal 422 (2021) 130117

14

Demokritos, Greece is deeply acknowledged for inspiring and helpful 
discussions. The authors thank the Swedish Foundation for Strategic 
Environmental Research (Mistra) (Project Name: Mistra TerraClean, 
Project number 2015/31), The Swedish Research Council (Grant no. 
2020-04029 and no. 2019-03729) and Swedish Research Council for 
Sustainable Development (FORMAS, Grant No. 2018-00651) for their 
financial support. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cej.2021.130117. 

References 

[1] G. Lomax, M. Workman, T. Lenton, N. Shah, Reframing the policy approach to 
greenhouse gas removal technologies, Energy Policy 78 (2015) 125–136, https:// 
doi.org/10.1016/j.enpol.2014.10.002. 

[2] Z. Kang, L. Fan, D. Sun, Recent advances and challenges of metal–organic 
framework membranes for gas separation, J. Mater. Chem. A 5 (21) (2017) 
10073–10091, https://doi.org/10.1039/c7ta01142c. 

[3] R.-B. Lin, S. Xiang, H. Xing, W. Zhou, B. Chen, Exploration of porous metal–organic 
frameworks for gas separation and purification, Coord. Chem. Rev. 378 (2019) 
87–103, https://doi.org/10.1016/j.ccr.2017.09.027. 

[4] Q. Qian, P.A. Asinger, M.J. Lee, G. Han, K. Mizrahi Rodriguez, S. Lin, F. 
M. Benedetti, A.X. Wu, W.S. Chi, Z.P. Smith, MOF-based membranes for gas 
separations, Chem. Rev. 120 (16) (2020) 8161–8266, https://doi.org/10.1021/acs. 
chemrev.0c00119. 

[5] B. Li, H. Wang, B. Chen, Microporous metal-organic frameworks for gas separation, 
Chem. Asian J. 9 (6) (2014) 1474–1498, https://doi.org/10.1002/asia. 
v9.610.1002/asia.201400031. 

[6] B. Yuan, X. Wu, Y. Chen, J. Huang, H. Luo, S. Deng, Adsorption of CO(2), CH(4), 
and N(2) on ordered mesoporous carbon: approach for greenhouse gases capture 
and biogas upgrading, Environ. Sci. Technol. 47 (10) (2013) 5474–5480, https:// 
doi.org/10.1021/es4000643. 

[7] O. Yamamoto, T. Takuma, M. Kinouchi, Recovery of SF6 from N2/SF6 gas mixtures 
by using a polymer membrane, IEEE Electr. Insul. Mag. 18 (3) (2002) 32–37. 

[8] M.-B. Kim, T.-H. Kim, T.-U. Yoon, J.H. Kang, J.-H. Kim, Y.-S. Bae, Efficient SF6/N2 
separation at high pressures using a zirconium-based mesoporous metal–organic 
framework, J. Ind. Eng. Chem. 84 (2020) 179–184, https://doi.org/10.1016/j. 
jiec.2019.12.032. 

[9] A. Beroual, A.(. Haddad, Recent advances in the quest for a new insulation gas with 
a low impact on the environment to replace sulfur hexafluoride (SF6) gas in high- 
voltage power network applications, Energies 10 (8) (2017) 1216, https://doi.org/ 
10.3390/en10081216. 

[10] S. Garg, M. Li, A.Z. Weber, L. Ge, L. Li, V. Rudolph, G. Wang, T.E. Rufford, 
Advances and challenges in electrochemical CO2 reduction processes: an 
engineering and design perspective looking beyond new catalyst materials, 
J. Mater. Chem. A 8 (4) (2020) 1511–1544, https://doi.org/10.1039/c9ta13298h. 

[11] R. de_Richter, T. Ming, P. Davies, W. Liu, S. Caillol, Removal of non-CO 2 
greenhouse gases by large-scale atmospheric solar photocatalysis, Prog. Energy 
Combust. Sci. 60 (2017) 68–96, https://doi.org/10.1016/j.pecs.2017.01.001. 

[12] T. Ghanbari, F. Abnisa, W.M.A. Wan Daud, A review on production of metal 
organic frameworks (MOF) for CO2 adsorption, Sci. Total Environ. 707 (2020) 
135090, https://doi.org/10.1016/j.scitotenv.2019.135090. 

[13] A. Samanta, A. Zhao, G.K.H. Shimizu, P. Sarkar, R. Gupta, Post-combustion CO2 
capture using solid sorbents: a review, Ind. Eng. Chem. Res. 51 (4) (2011) 
1438–1463, https://doi.org/10.1021/ie200686q. 

[14] S. Choi, J. Drese, C. Jones, Adsorbent materials for carbon dioxide capture from 
large anthropogenic point sources, ChemSusChem 2 (9) (2009) 796–854, https:// 
doi.org/10.1002/cssc.v2:910.1002/cssc.200900036. 

[15] R.L. Siegelman, P.J. Milner, E.J. Kim, S.C. Weston, J.R. Long, Challenges and 
opportunities for adsorption-based CO2 capture from natural gas combined cycle 
emissions, Energy Environ Sci 12 (7) (2019) 2161–2173, https://doi.org/10.1039/ 
c9ee00505f. 

[16] C.Y. Chuah, Y. Lee, T.-H. Bae, Potential of adsorbents and membranes for SF6 
capture and recovery: a review, Chem. Eng. J. 404 (2021) 126577, https://doi.org/ 
10.1016/j.cej.2020.126577. 

[17] B. Chen, Z. Yang, Y. Zhu, Y. Xia, Zeolitic imidazolate framework materials: recent 
progress in synthesis and applications, J. Mater. Chem. A 2 (40) (2014) 
16811–16831, https://doi.org/10.1039/c4ta02984d. 
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