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Abstract: The relatively stable MOFs Alfum, MIL-160, DUT-4, DUT-5, MIL-53-TDC, MIL-53, UiO-
66, UiO-66-NH2, UiO-66(F)4, UiO-67, DUT-67, NH2-MIL-125, MIL-125, MIL-101(Cr), ZIF-8, ZIF-11 
and ZIF-7 were studied for their C6 sorption properties. An understanding of the uptake of the larger 
C6 molecules cannot simply be achieved with surface area and pore volume (from N2 sorption) but 
involves the complex micropore structure of the MOF. The maximum adsorption capacity at p p0−1 
= 0.9 was shown by DUT-4 for benzene, MIL-101(Cr) for cyclohexane and DUT-5 for n-hexane. In 
the low-pressure range from p p0−1 = 0.1 down to 0.05 the highest benzene uptake is given by DUT-
5, DUT-67/UiO-67 and MIL-101(Cr), for cyclohexane and n-hexane by DUT-5, UiO-67 and MIL-
101(Cr). The highest uptake capacity at p p0−1 = 0.02 was seen with MIL-53 for benzene, MIL-125 for 
cyclohexane and DUT-5 for n-hexane. DUT-5 and MIL-101(Cr) are the MOFs with the widest pore 
window openings/cross sections but the low-pressure uptake seems to be controlled by a complex 
combination of ligand and pore-size effect. IAST selectivities between the three binary mixtures 
show a finely tuned and difficult to predict interplay of pore window size with (critical) adsorptive 
size and possibly a role of electrostatics through functional groups such as NH2. 

Keywords: metal–organic frameworks (MOFs); zeolitic imidazolate frameworks (ZIFs); vapor 
adsorption; C6 volatile organic compounds (VOCs); benzene adsorption; cyclohexane adsorption; 
n-hexane adsorption; IAST selectivity 
 

1. Introduction 
Toxic volatile organic compounds (VOCs) in the atmosphere are of general concern 

and their removal, prevention of emission, and the separation of organic molecules in 
industrial processes [1] is technologically important [2–12]. A specific group of VOCs are 
hydrocarbons [11], which can be classified by the number of their carbon atoms. VOCs 
can be selectively adsorbed by specific materials. State of the art of VOC-removal by 
adsorption is the use of activated carbon [13], or zeolites [1]. However, the selectivity of 
activated carbon or zeolites for different VOCs is low, hence, components from a mixture 
of similar VOCs are difficult to separate by these standard adsorption materials. On the 
other hand, the design possibilities of metal-organic framework (MOF) adsorbents should 
allow for the separation of chemically similar VOC mixtures. MOFs are typically 
three-dimensional coordination networks with potential voids from the combination of 
metal clusters (secondary building units, SBUs) and organic ligands (called linkers) [14]. 
MOFs have already been investigated for the adsorption of VOCs such as n-hexane, 
xylene, toluene, acetaldehyde in vapor [7,15], liquid phase [16,17], or under humid 
conditions [18]. MOFs offer advantages [19] for VOC removal over materials [20] like 
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zeolites [21], activated carbon [22], or silica gel [23]. A large variation of linkers and 
metal-atoms in MOFs [24] allows to adapt the pore size to the VOC to be adsorbed and 
separated [25]. The MOF linker can contain functional groups [26] for specific interactions 
to the VOC. The adsorptive selectivity of benzene over cyclohexane was improved with a 
nitro-decorated MOF which stabilized the interactions between the framework and 
benzene through a smaller window diameter with increased π···π-stacking and C-H···O 
(nitro) hydrogen bonding [27]. The presence of open-metal sites [28] could give an added 
high selectivity towards adsorptives. In the example of MOF-74 the adsorbate benzene 
can be arranged more structured at the open-metal sites than in bulk liquid benzene [29]. 
Such effects can be used to achieve a high affinity for benzene towards its separation from 
other VOCs. The flexibility of the framework in MOFs such as in MIL-53 with its 
breathing-effect [30], or in ZIF-7 with its gate-opening-effect is another opportunity to 
achieve a selective adsorption of a specific VOC [31–34]. By introducing defects in MOFs 
such as UiO-66, which is one of the most common defective MOFs [35], the maximum 
toluene adsorption capacity could be increased [36]. 

While the adsorption capacity and selectivity of MOFs for different VOCs has been 
widely tested, the stability of the MOF towards a VOC has been less examined. An 
important topic in VOC adsorption and separation deals with C6 hydrocarbons, e.g., 
benzene, cyclohexane and n-hexane. These three VOCs are among the ones found in 
indoor environments [37]. Benzene adsorption on MOFs is partly well examined [38,39]. 
In industry, the separation of benzene and cyclohexane by distillation is one of the most 
difficult cases due to their similar boiling point and vapor pressure [40,41]. The adsorption 
of n-hexane is particularly important with regard to its metabolization to nerve-damaging 
toxic 2,5-hexanedione [42]. The adsorption and separation of benzene , cyclohexane and 
n-hexane with MOFs has been examined with single vapor adsorption isotherms [43–46], 
in liquid phases [47] and with breakthrough experiments [48]. The recyclability and 
long-term stability of MOFs towards C6 vapor sorption has been seldom addressed and 
the focus is only on individual MOFs and no comparative investigations of a 
comprehensive series of MOFs [27,49]. 

Furthermore, only for some MOFs the ideal adsorbed solution theory (IAST) is used 
to simulate the separation properties of the MOF from single gas adsorption isotherms for 
a selective sorption of benzene over cyclohexane or different hexane isomers [50–52]. This 
method is a useful first approximation to study the separation properties and to obtain an 
overview of many different MOFs. 

In this work, for the first time a broad series of MOFs with different metals were 
comparatively investigated for their adsorption of the C6-VOCs benzene, cyclohexane and 
n-hexane by volumetric sorption analysis, not so much for their maximum uptake 
capacity but especially for their uptake at low pressure down to p p0−1 = 0.02, to find MOFs 
for the removal of C6 traces. Furthermore, the stability after VOC adsorption and their 
IAST selectivities were taken into account. The stability of the MOFs was tested in liquid 
and vapor phase over a few days to simulate a potential long-term application. 

2. Materials and Methods 
All commercial chemicals were used as received (see Section S1 in the Supplementary 

Materials). The MOFs were synthesized according to literature reported procedures or 
optimized syntheses which are given in the Supplementary Materials. 

Powder X-ray diffractometry (PXRD) was performed at ambient temperature on a 
D2 phaser (Bruker AXS, Karlsruhe, Germany) using Cu-Kα radiation (λ = 1.54182 Å) 
between 5° < 2θ < 50° with a scan rate of 0.0125° s−1 (300 W, 30 kV, 10 mA) and on a Miniflex 
600 (Rigaku, Tokyo, Japan) using Cu-Kα radiation (λ = 1.54182 Å) between 2° < 2θ < 50° 
with a scan rate of 0.083° s−1 (600 W, 40 kV, 15 mA) and a D/teX ultra detector. Analyses 
of the diffractograms were carried out with Match 3.1.0 software. All PXRD patterns are 
collected in Sections S3 and S12. 
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Thermogravimetric analysis (TGA) was measured on a Netzsch TG209 F3 Tarsus 
(Netzsch, Selb, Germany) device under nitrogen atmosphere, ramping 10 K min−1 to 600 
°C. TGA curves are given in Section S7. 

Scanning electron microscopy (SEM) images were acquired on a JEOL JSM-6510 
Advanced electron microscope (Jeol, Akishima, Japan) with a LaB6 cathode at 5–20 keV. 
The microscope was equipped with a Xflash 410 (Bruker, Billerica, US) silicon drift 
detector for energy-dispersive X-ray spectroscopy. SEM images are collected in Section 
S8. 

Nitrogen sorption isotherms for the determination of Brunauer-Emmett-Teller [53] 
BET surface areas were obtained at 77 K within a pressure range of p = 10−3-1 bar on a 
Quantachrome NOVA (Quantachrome, Odelzhausen, Germany) instrument using ca. 20–
50 mg of sample (nitrogen with purity of 99.999%, 5.0). Each sample was degassed under 
vacuum (<10−2 mbar) at 393 K for ca. 3 h prior to measurement using a FloVac 
(Quantachrome, Odelzhausen, Germany) degasser. All BET surface areas were calculated 
from five adsorption points applying Rouquerol plots (r > 0.998). All N2-sorption 
isotherms are shown in Section S4. Total pore volumes were calculated from the 
N2-sorption isotherm at p p0−1 = 0.9 for pore sizes ≤20 nm. NLDFT calculations were carried 
out with the native NovaWin 11.03 software using the ‘N2 at 77 K on carbon, slit pore, 
NLDFT equilibrium’ model. Thickness model for calculation of micropore volumes and 
micropore areas was set to ‘De Boer’. Micropore volumes were calculated from the N2 
adsorption isotherm at p p0−1 = 0.1 for pores with d ≤2 nm (20 Å). Micropore volumes 
(Vmicro) were calculated by the t-plot method (‘De Boer’ model). 

Vapor sorption experiments were carried out on a Quantachrome VStar4 
(Quantachrome, Odelzhausen, Germany) instrument. Each sample was degassed under 
vacuum (<10−3 mbar) at 393 K for ca. 3 h prior to measurement, using a FloVac 
(Quantachrome, Odelzhausen, Germany) degasser. The detailed experimental 
equilibrium settings and all vapor sorption isotherms are given in Section S6. The 
measurement conditions had been set to achieve thermodynamic equilibrium with longer 
equilibrium times at low pressures and faster equilibration times in the saturated plateau 
region at higher relative pressures (Section S6). On average the time for the adsorption 
isotherm branch was 48 h, for the desorption branch 24 h. The vapor isotherms were 
recorded to only p p0−1 = 0.9 to avoid the vapor condensation when approaching p p0−1 = 1. 
The absolute pressures at 293 K were 75.26 Torr for benzene, 77.51 Torr for cyclohexane 
and 121.53 Torr for n-hexane. 

The cyclic benzene adsorption experiment was performed at 298 K on a BELSORP-
max II (HP model) (Microtrac MRB, Haan, Germany). The sample was pretreated under 
vacuum at 373 K for 3 h for a full adsorption cycle and evacuated at 298 K for 0.5 h for a 
short adsorption cycle. Adsorption points are measured at a relative pressure of about p 
p0−1 0.3 with high dosing rates to reduce the measurement time (fluctuations in relative 
pressure possible). 

Carbon dioxide sorption was measured with a Quantachrome Autosorb iQ MP 
(Quantachrome, Odelzhausen, Germany) at 273 K (ice/deionized water bath) (Section 
S13). The Autosorb iQ MP is equipped with oil-free vacuum pumps (ultimate vacuum 
<10−8 mbar) and valves, which guaranteed contamination free measurements. The sample 
was connected to the preparation port of the sorption analyzer and degassed under 
vacuum. After weighing, the sample tube was then transferred to the analysis port of the 
sorption analyzer. The samples were degassed before each measurement for a minimum 
of 3 h at 393 K under vacuum. The gas for the sorption measurements was of ultrapure 
grades (99.999%, 5.0) and the STP volumes are given at 273.15 K, 1 atm (1.013 bar). All 
carbon dioxide sorption isotherms are depicted in Section S5. 
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3. Results and Discussion 
The seven aluminum-MOFs Basolite A520 [54] or Aflum [55], MIL-160 [56], DUT-4 

[57], DUT-5 [58], MIL-53-TDC [59], MIL-53 [60], five zirconium-MOFs UiO-66, 
UiO-66-NH2 [61], UiO-66(F)4 [62], UiO-67 [63], DUT-67 [64], two titanium-MOFs MIL-125 
[65] and MIL-125-NH2 [66], the chromium-MOF MIL-101(Cr) [67] and the three (Zn-)ZIFs 
ZIF-8 [68], ZIF-11 [69] and ZIF-7 [70,71], which are used for comparative C6 adsorption are 
depicted in Figure 1 with their secondary building unit, the linker, the acronym and their 
formula (MIL = Materials of Institute Lavoisier, DUT = Dresden University of Technology, 
TDC = thiophenedicarboxylate, UiO = Universitet i Oslo, ZIF = zeolitic imidazolate frame-
work). 
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Figure 1. MOFs investigated here for C6-VOC adsorption. Secondary building units (SBUs) depict 
the metal atoms and their coordination polyhedra (Al cyan, Zr magenta, Ti orange, Cr green and Zn 
brown), which are connected via the linker (acid or imidazole form in the middle column) to form 
the respective MOFs (right column) (carbon gray, oxygen red, nitrogen blue). For further details to 
the MOFs see Section S2. 

The MOFs can be considered as typical representatives which are frequently encoun-
tered in many studies. Powder X-ray diffractograms of the synthesized samples positively 
match with the simulations from the deposited structure files and thereby authenticate 
the crystalline phase (Figures S14–S24). The BET surface area and pore volumes from ni-
trogen sorption isotherms are in the range found in the literature (Table S2). 

The three VOCs benzene, cyclohexane and n-hexane have six carbon atoms and no 
dipole moment, but different structures and electronic properties. In the gaseous phase 
the adsorptive benzene has a kinetic diameter of 5.85 Å, cyclohexane of 6 Å, and linear 
n-hexane of 4.3 Å [37]. The more specific van-der-Waals dimensions along the x, y and z 
axis of the molecule are for benzene x = 6.628 (MIN2), y = 7.337, z = 3.277 Å, cyclohexane x 
= 7.168, y = 6.580 (MIN2), z = 4.982 Å, n-hexane x = 10.344, y = 4.536 (MIN2), z = 4.014 Å 
with the value which is denoted as MIN2 being the critical dimension for a diffusion 
through cylindrical pore cross sections [72]. 

3.1. C6 Sorption Isotherms 
Most MOFs have adsorption isotherms towards the C6-VOCs which are a composite 

of Type-I and -II or have a Type-IV [53] or F-I adsorption isotherm [73]. The Type-I-II 
composite follows a Type-Ia, -Ib in the lower pressure section (p p0−1 < ~0.5) and a Type-II 
branch at higher relative pressure (Table S4, Figures S36–S46, for further details on the 
isotherm categorization). Most MOF-adsorbate pairs reach at least half of their maximum 
uptake at p p0−1 = 0.9 already at p p0−1 = 0.1, following Type-I, -F-I or -IV isotherms (Tables 
S4–S7, Figures 2–4). There are only few MOF-adsorbate pairs with rather little adsorption 
at p p0−1 = 0.1 followed with a much larger uptake at higher pressure as evidenced by Type 
-II, -F-III or -V isotherms or in Type-F-I or -IV isotherms with much less uptake in the low 
versus the higher-pressure region. These few MOFs are ZIF-8 and ZIF-7 for benzene, 
ZIF-8, ZIF-11 and ZIF-7 for cyclohexane. Noteworthy, also UiO-66 and UiO-66(F)4 feature 
Type-I-II isotherms with only 1/3 of the cyclohexane uptake at p p0−1 0.1 versus 0.9 and for 
UiO-66(F)4 also towards n-hexane (Tables S5–S7). This feature of a low uptake at p p0−1 = 
0.1 is mostly accompanied by a wide hysteresis. For the ZIFs the low uptake at p p0−1 = 0.1 
is due to a gate-opening effect in these materials with their narrow pore windows (cf. 
Section S12. For the UiO-66 compounds with their cluster or linker defects the guest may 
induce a distortion of the framework which then allows the accommodation of further 
adsorbates. Several isotherms exhibit a second gradual uptake step above ~0.4 p p0−1 fol-
lowed by a saturation plateau such that the isotherm resembles an F-I or a Type-IV iso-
therm (Table S4, Figures S36–S46). 

In the desorption branch the MOFs with the Type-II, Type-IV of F-I isotherm feature 
a wide or very wide hysteresis. Out of the 18 MOFs investigated here, 15 gave desorption 
isotherms with a wide or very wide hysteresis to the adsorption branch, at least for one of 
the vapors. Eight MOFs had a wide to very wide hysteresis to all three vapors. The visual 
appearance of the sorption isotherms differs also with the vapor for some MOFs. Upon 
further analysis (vide infra) there does not appear to be a unifying correlation of the iso-
therm shape with the MOF structure or vapor. In the literature benzene adsorptions in 
MOFs with a discernible hysteresis are interpreted with guest-host C-H···π or π···π inter-
actions (Figure S128c) [74]. When no hysteresis is found this is seen to indicate that the 
molecules can move unrestricted in and out of the pores, as can be expected if the critical 
dimensions of the adsorptive molecule (for benzene x = 6.6 Å, for cyclohexane y = 6.6 Å, 
for n-hexane y = 4.5 Å) are smaller than the pore window cross sectional diameter [72]. 
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It was beyond the scope of this work to theoretically study the adsorbate-adsorbent 
interactions in our MOFs. For example, the adsorption of benzene in MOF-74 at different 
pressure points was studied by Liu et al. [29]. The adsorption starts at 0.01 Pa with single 
molecules which lie flat on the adsorbent surface in separate pores. At 0.1 Pa, additional 
adsorbed benzene molecules begin to form a monolayer while other pores are still empty. 
At 0.2 Pa, benzene molecules are adsorbed in most pores. From 0.3 to 0.5 Pa the monolay-
ers in each pore are almost complete. From 0.5 Pa multilayer adsorption with pore filling 
takes place which according to the calculations is completed at 20 Pa [29]. Macreadie et al. 
present the DFT-optimized location of one benzene or cyclohexane guest molecule in 
MOF-5, CUB-5 and 3DL-MOF-1 where the single molecule is located at the metal cluster 
nodes. The authors also note that aromatic MOFs favor aliphatic VOCs and vice versa due 
to the importance of aliphatic/aromatic C-H··· π interactions [43]. Yu et al. report the crys-
tal structures of the MOF Al-tbbotb (tbbotb = 4,4’,4’’-(benzene-1,3,5-triyltris(oxy))triben-
zoate) loaded with n-hexane or 3-methylpentane which are adsorbed in pairs along the 
adsorbent surface. There are close H···H contacts from the guests of 2.19 Å for n-hexane 
and 2.27 Å for 3-methylpentane to the bridging OH groups in the metal SBU [75] 

We note that in the literature often only the adsorption branches are given and dis-
cussed while the desorption branch is not shown. It has been noted that desorption iso-
therms for vapors may be unreliable because the desorption process is accompanied by a 
transition from a saturated vapor or liquid state of the adsorbate to the gaseous adsorptive 
state [52]. 

Concerning the Type-II or Type-IV isotherm appearance and the presence of uptake 
steps in the adsorption branch at higher relative pressure this may be due to inter-particle 
condensation. From the cif files of the X-ray structures the solvent accessible void volume 
(in Å3/unit cell) was obtained, from which the theoretical specific pore volume could be 
calculated (Table S3). There is in most cases a reasonable match between the experimental 
pore volume and the calculated specific void volume. At the same time the vapor uptake 
in mg g−1 at p p0−1 = 0.9 can be transformed into the volume the adsorbate would use in a 
liquid state [cm3(liquid adsorbate) g−1(MOF)] by dividing the vapor uptake in mg g−1 
through the density of the respective liquid at 293 K to approximate the volume of ben-
zene, cyclohexane or n-hexane in the MOF (Table S3a–c). Further dividing this liquid ad-
sorbate volume by either the experimental pore volume or the calculated specific void 
volume gives the degree of pore filling (Table S3). Remarkably, often a pore filling sub-
stantially above 100% is derived this way especially for those MOFs where the noted up-
take steps are seen in the adsorption isotherm. Hence, we conclude that these uptake steps 
and concomitant larger-than-100% pore fillings are due to inter-particle condensation. The 
SEM images in Figures S67–S84 indicate the presence of fine powders with particle sizes 
below 5 µm and for the UiOs even below 0.5 µm. 

3.2. C6 Uptake 
The benzene adsorption capacity at p p0−1 = 0.9 and 293 K ranges between 262 to 1043 

mg g−1 for the MOFs, with ZIF-7 (83 mg g−1) being a clear low-uptake outlier (Figure 2, 
Table S5). For cyclohexane the uptake at p p0−1 = 0.9 and 293 K extends from 227 to 1007 
mg g−1 again with ZIF-7 (59 mg g−1) being significant lower (Figure 3, Table S6). For n-hex-
ane under these conditions, the uptake lies between 207 to 997 mg g−1 (ZIF-7 at 96 mg g−1) 
(Figure 4, Table S7). 
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(a) (b) 

Figure 2. Benzene uptake capacity (at 293 K) of the different MOFs at different relative pressures. 
(a) At relative pressures of 0.1, 0.3 and 0.9; (b) at relative pressures of 0.02, 0.05 and 0.08 (specific 
values in Table S5). For the surface-specific uptake at p p0−1 = 0.1 see Figure S88a. 

  
(a) (b) 

Figure 3. Cyclohexane uptake capacity (at 293 K) of the different MOFs at different relative pres-
sures. (a) At relative pressures of 0.1, 0.3 and 0.9; (b) at relative pressures of 0.02, 0.05 and 0.08 (spe-
cific values in Table S6). For the surface-specific uptake at p p0−1 = 0.1 see Figure S88b. 

  
(a) (b) 

Figure 4. n-Hexane uptake capacity (at 293 K) of the different MOFs at different relative pressures. 
(a) At relative pressures of 0.1, 0.3 and 0.9; (b) at relative pressures of 0.02, 0.05 and 0.08 (specific 
values in Table S7). For the surface-specific uptake at p p0−1 = 0.1 see Figure S88c. 
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The uptake of benzene, cyclohexane and n-hexane at p p0−1 = 0.9 follows roughly the 
experimental pore volume (Figure 5), BET surface area (Figure S85), pore window size 
(Figure S86) and micropore volume (Figure S87). The (total) pore volumes (Table S2) were 
obtained from NLDFT calculations using the ‘N2 at 77 K on carbon, slit pore, equilibrium’ 
model. This is noted above, when comparing the volume which the adsorbate would use 
in a liquid state to the available pore volume deviations to higher uptakes than expected 
from the pore volume are seen. These can be explained by inter-particle condensation and 
a slightly higher than expected uptake can also be due to framework transformations, 
adapting to the guest molecules and giving larger pores. MIL-53 with its known breathing 
effect is the best studied example [30]. Deviation to lower uptake can be due to solvent 
inaccessible pore regions which are smaller than the size of the adsorptive or where the 
access is prevented by gate-opening effects as in the ZIFs [31,76]. Thereby we note that the 
surface area and experimental pore volume have been determined from nitrogen sorption, 
with N2 having a kinetic diameter of (only) 3.64 Å. Adsorptives which are larger than N2 
can be excluded from small pore regions which were included in the nitrogen measure-
ments. The Connolly surface or probe accessible surface, as well as the accessible pore 
volume should be significantly smaller for larger adsorptives, either because pore win-
dows become too small or pore regions with acute angles become inaccessible for bulkier 
molecules [53]. A simple correlation of C6 uptake with surface area and pore volume (from 
N2 sorption) cannot reflect this (in)accessibility of pores for larger adsorbates. 

As noted in the introduction, for the adsorptive removal of C6 traces it is not so much 
the maximum uptake capacity but the uptake at low pressures which is important. Hence, 
Figures 2–4 (cf. Tables S5–S7) also show the uptake in relative pressure regions down to p 
p0−1 = 0.02, in order to indicate the MOFs for the removal of C6 traces. 

We have singled out three MOFs from Figures 2–4 for each C6 vapor at each relative 
pressure of p p0−1 = 0.1, 0.08, 0.05 and 0.02 which gave the highest uptake values and col-
lected them in Figure 6. For the C6 vapors a relative pressure of p p0−1 = 0.02 corresponds 
to an absolute pressure of 1.5 Torr (0.20 kPa) for benzene, 1.55 Torr (0.21 kPa) for cyclo-
hexane and 2.43 Torr (0.32 kPa) for n-hexane (Table S8). Remarkably, in the pressure range 
from p p0−1 = 0.1 down to 0.05 it is pretty much the same three MOFs for each vapor. For 
benzene, these are DUT-5, DUT-67/UiO-67 and MIL-101(Cr), for cyclohexane and n-hex-
ane it is DUT-5, UiO-67 and MIL-101(Cr). DUT-5 and MIL-101(Cr) are always among the 
top-3 in the range from p p0−1 = 0.1 to 0.05. The third MOF is then either DUT-67 or UiO-67. 

  
(a) (b) 
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(c) (d) 

Figure 5. C6-VOC uptake at p p0−1 = 0.9 (293 K) versus pore volume (NLDFT and total pore volume, 
Table S2) for (a) benzene, (b) cyclohexane and (c) n-hexane with (d) legend to the figures. 

(a) (b) 

 

 

(c)  

Figure 6. Top three MOFs with the highest C6 vapor at each relative pressure of p p0−1 = 0.1, 0.08, 
0.05 and 0.02 for (a) benzene, (b) cyclohexane, and (c) n-hexane. 

The MOFs DUT-5 and UiO-67 have the same long biphenyl-4,4’-dicarboxylate linker 
(Figure 1). At the same time DUT-4 with its also long naphthalene-2,6-dicarboxylate linker 
does not feature a high uptake at low pressure. MIL-101(Cr) contains the common tereph-
thalate linker which is also part of other MOFs without high uptake. DUT-5 and 
MIL-101(Cr) are the MOFs with the widest pore window openings/cross sections (Table 
S2). Notably DUT-67 (with the TDC = thiophenedicarboxylate linker) and UiO-67 already 
have smaller pore windows which are in the range of DUT-4, MIL-53-TDC and MIL-53 
with the latter having lower uptakes in this pressure region. This comparison illustrates 
that the low-pressure uptake seems to be controlled by a complex combination of ligand 
and pore-size effect. 

The interpretation of the uptake at low pressure is further complicated by the obser-
vation that at the lowest pressure of p p0−1 = 0.02 one or two other MOFs come in which 
were not among the top three above p p0−1 = 0.02. For benzene MIL-160, MIL-53 and 
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DUT-67, for cyclohexane DUT-5, DUT-67 and MIL-125, for n-hexane DUT-5, MIL-125 and 
NH2-MIL-125 performed best at p p0−1 = 0.02. Hence, only DUT-5 and/or DUT-67 still re-
main in the top-3 lists at p p0−1 = 0.02. The other top three MOFs now have smaller pore 
cross sections of 5-6 Å (MIL-160, MIL-53 edge-edge distance, MIL-125 and NH2-MIL-125). 
This cross-section diameter corresponds to the intermediate (critical) van-der-Waals di-
mensions for benzene of x = 6.628 Å, cyclohexane y = 6.580 Å and n-hexane y = 4.536 Å 
(vide supra) [72]. At this cross-section range, one can assume the C6 molecules to have 
dispersive interactions with multiple sides of the molecule to the surface. Such local op-
tima exist for adsorbent structures where the opposite Connolly surfaces are separated by 
the dimension of the adsorbed molecule which can then simultaneously interact with the 
surface at its opposite sides [53]. For the long n-hexane molecule this multiple-side inter-
action will probably involve different sections of the chain. 

The low-pressure benzene sorption capacity of the top-3 MOFs here is lower than the 
top literature examples with the MOFs BUT-53 to BUT-58 with 193–256 mg g−1 (2.47–3.28 
mmol g−1) at 298 K, <10 Pa (p p0−1 < 0.001) (Type-Ia isotherm) [77] or the benchmark mate-
rials MOF-5 with 802 mg g−1 at 295 K [78] or [Zn4O(bdc)(bpz)2] with 561 mg g−1 at 298 K 
and p p0−1 = 0.1 [74] to which only MIL-101(Cr) with 607 mg g−1 at 293 K and p p0−1 = 0.1 
comes close (Table S2, Figure 2). 

Absolute cyclohexane uptakes are difficult to compare to literature data, as most 
studies aim to achieve benzene/cyclohexane selectivities as high as possible, and thus the 
reported MOFs feature often very low cyclohexane uptakes as in the work of Mukherjee 
et al. where the M-MOF-74 analogues have nearly no cyclohexane uptake at all [51]. On 
the other hand, Eddaoudi et al. tested MOF-5 for cyclohexane and benzene sorption and 
reached values between 600 and 800 mg g−1 at p p0−1 = 1 for both VOCs at 295 K [79]. A 
cyclohexane uptake above 600 mg g−1 at p p0−1 = 0.9 (293 K) is reached with DUT-4, DUT-5, 
MIL-53, UiO-66, UiO-67, MIL-125 and MIL-101(Cr) (Table S2, Figure 3). 

In the literature uptake values for n-hexane near p p0−1 = 1 were noted as high for 
MOF-5 (249 mg g−1 at 298 K), MIL-101(Cr) (504 mg g−1 at 298 K), or Cu-BTC (175 mg g−1 at 
303 K) [80]. Here, an n-hexane uptake above 500 mg g−1 at p p0−1 = 0.9 (293 K) is seen with 
DUT-4, DUT-5, MIL-53, UiO-66, UiO-66-NH2, UiO-67, MIL-125 and MIL-101(Cr) (Table 
S2, Figure 4). We emphasize again that the uptake at p p0−1 = 0.9 may involve condensation 
in inter-particle mesopores (vide supra). 

3.3. Comparative C6 Uptake 
With respect to the three VOCs the comparative adsorption capacity and uptake or-

der at, for example, p p0−1 = 0.1 is depending on the individual MOF and follows no uni-
fying trend (Table S9, because of the possible inter-particle condensation we refrain from 
comparing the uptake at p p0−1 = 0.9). For the surface-specific vapor uptake at p p0−1 = 0.1 
see Figure S88 and discussion in Section S9. Out of the 18 MOFs investigated here (at p 
p0−1 = 0.1), 10 have benzene, 5 cyclohexane and 3 n-hexane as VOC with the highest uptake 
(Tables S5–S7). Furthermore, benzene being lowest in uptake is only seen for 3 MOFs at p 
p0−1 = 0.1. At p p0−1 = 0.1 the most frequent order with seven MOFs is benzene > n-hexane 
> cyclohexane; for another three each it is benzene > cyclohexane > n-hexane and cyclo-
hexane > benzene > n-hexane. In the liquid phase the densities are 0.876 g cm−3 for benzene, 
0.779 g cm−3 for cyclohexane and 0.655 g cm−3 for n-hexane (at 293 K). Thus, if an available 
porosity is filled with the adsorbate in a liquid-like state, the specific uptake in g(adsorb-
ate)/g(adsorbent) should be highest for benzene because of its highest density, followed 
by cyclohexane. Hence, only in four MOFs the uptake follows the reciprocal kinetic diam-
eter (n-hexane < benzene < cyclohexane), that is, the smallest adsorbate is preferentially 
adsorbed only in a few materials. This confirms that the diffusion of the adsorptives in the 
MOF pore system is not influencing the data and that our measurement conditions en-
sured thermodynamic equilibrium. 

The preferentially higher adsorption of benzene over cyclohexane and n-hexane is 
rationalized through the π···π or C-H···π interactions of benzene (Figure S128c) with the 
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framework and its higher density in a liquid-like adsorbate state for a given pore volume. 
When n-hexane shows higher adsorption capacity at p p0−1 = 0.1 as in NH2-MIL-125, ZIF-
8 and ZIF-7 (Table S7) it may be tempting to invoke its linear structure and a more favor-
able packing of adsorbed molecules [37]. However, the liquid state density for n-hexane 
is significantly lower than that for cyclohexane and benzene (vide supra). Thus, higher 
n-hexane adsorption can in our opinion and in the absence of special adsorbate-adsorbent 
interaction only be explained from its small critical diameter in the series (vide supra). 
Hence, n-hexane can enter (slit) pores and pore window regions which are inaccessible 
for larger cyclohexane and benzene molecules. The surface area and pore volume from 
nitrogen sorption will not be fully accessible for larger molecules [53]. However, while 
one may indeed have such small pore regions together with gate-opening effects in ZIF-8 
and ZIF-7 with pore windows near 3 Å (Table S2, unnumbered images in Section S15) this 
is difficult to see in NH2-MIL-125 which has pore windows of 6 Å as many other MOFs 
(Table S2). Additionally, ZIF-11 has a 3 Å pore window and the same benzimidazole lig-
and as ZIF-7, but gives a higher amount of benzene than n-hexane uptake at p p0−1 = 0.1. 
Thus, an understanding of the C6 uptake cannot simply be achieved with surface area and 
pore volume (from N2 sorption or CO2 sorption) but involves the complex micropore 
structure of the MOF. 

3.4. Separation–IAST Selectivity 
The ideal adsorbed solution theory (IAST) model simulates mixed gas/vapor adsorp-

tion behavior and selectivity from single adsorption isotherms (see Sections S10 and S11, 
for details). Benzene/cyclohexane separation can be regarded as the industrially most in-
teresting process as their separation by distillation is one of the most difficult cases due to 
similar boiling points and vapor pressures. For comparison equimolar mixtures are inves-
tigated of all three C6-VOC combinations. 

In the pairs benzene/cyclohexane, benzene/n-hexane and n-hexane/cyclohexane the 
first given adsorptive is the preferred one for most MOFs (Figure 7, black bars). The op-
posite selectivity, that is a preference for cyclohexane over benzene etc. is seen in fewer 
MOFs. At the same time, the selectivity value of most investigated MOFs is below 6, alt-
hough selectivity values higher than 3 would already be sufficient for an adsorbent to be 
applicable in an industrial separation process [37,81]. 

The selectivity changes with pressure (Figures S102–S112). Figure 7 plots only the 
highest selectivity value from three chosen points at 0.01, 0.05 and 0.09 bar (Table S12). 
We note that selectivities could be much higher for some MOFs, especially for the ZIFs 
below 0.01 bar, but in this very low pressure range the selectivity can also be strongly 
influenced from isotherm fitting errors. Relative maxima in the IAST selectivity between 
the three pressure points were in the error range of the calculation. 

When we look at selectivities larger than 10, we find NH2-MIL-125 with a value of 12 
for cyclohexane/benzene and with a value of 14 for n-hexane/benzene. Obviously, this 
MOF discriminates well against benzene. NH2-MIL-125 is also the only MOF with a high 
preference of the alkanes over benzene. The next best candidate is ZIF-8 which however 
significantly (value of 8) prefers n-hexane over benzene only at 0.01 bar. We trace the high 
alkane selectivity of MIL-125-NH2 to the presence of the amino group in combination with 
the pore size. The other amino-MOF UiO-66-NH2 also favors the alkanes over benzene, 
albeit only slightly. The pore window of UiO-66-NH2 (7.0 × 7.0 Å2) is slightly larger than 
in NH2-MIL-125 (5.9 × 5.9 Å2) so that the effect of NH2 could be less pronounced. At the 
same time, also MIL-125 without the NH2 group still slightly favors the alkanes over ben-
zene with an only somewhat larger pore window of 6.1 × 6.1 Å2. UiO-66 with the same 
pore size as NH2-MIL-125 favors either benzene over cyclohexane or has little to no sepa-
ration effect on the n-hexane/benzene mixture. 
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Figure 7. Highest values of the IAST selectivities from the three points at 0.01, 0.05 and 0.09 bar of 
each MOF for the different VOC pairs (50/50 molar ratio (a) benzene/cyclohexane, (b) ben-
zene/n-hexane and (c) cyclohexane/n-hexane). The IAST selectivities of 1 are visualized via cross-
hatched bars. For the IAST-calculated selectivity dependence with pressure, see Figures S102–S112. 

Further, ZIF-11 has a selectivity of 18 for benzene/cyclohexane and UiO-66(F)4 of 13–
35 for benzene/n-hexane which may be traced to the small pore window cross-sections of 
3.0 × 3.0 Å2 and 2.4 × 4.6 Å2 respectively (Table S2). In view of the several times noted 
critical dimensions (for benzene x = 6.628 Å, for cyclohexane y = 6.580 Å, for n-hexane y = 
4.536 Å) it is difficult to see why benzene can pass and cyclohexane or n-hexane are ex-
cluded. At the same time, the only slightly smaller window size in ZIF-7 of 2.9 × 2.9 Å2 
still leads to a selectivity of 9 for benzene/cyclohexane but appears to already hinder the 
entry of benzene when compared to ZIF-11 (cf. Figure 2). 

For a benzene/cyclohexane mixture, the MOF DUT-4 and for a benzene/n-hexane 
mixture the MOFs MIL-53 and ZIF-11 give selectivities around 10. The square-channel 
MOFs DUT-4 and MIL-53 have similar pore windows of 8.5 × 8.5 Å2. The dimensions ob-
viously allow for the energetically favorable C-H···π arrangement of the benzene adsorb-
ate with the aromatic walls of the adsorbent (Figure S128c). We note that for a benzene 
dimer the energy of the π···π stacking interaction is 2.73 kcal mol−1, whereas the C-H···π 
T-shape is more stable with an interaction energy of 2.84 kcal mol−1 [82]. Additionally, the 
crystal structures of benzene all show the herringbone packing with C-H···π interactions 
(Section S14, Figure S128). 

The role of the benzimidazole linker in ZIF-11 and ZIF-7 towards possibly engaging 
in π···π or C-H···π interactions with the benzene adsorbate (Figure S128c) cannot be very 
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significant as the selectivity of both ZIFs for benzene/n-hexane is much lower (10 and 4, 
respectively) than for benzene/cyclohexane. 

A selectivity of n-hexane over cyclohexane is most pronounced for ZIF-8 and is at the 
same time also the second highest calculated selectivity in the chosen pressure region. The 
n-hexane/cyclohexane selectivity of ZIF-8 can be correlated to the small pore window size 
and its gate-opening effects. For DUT-4 a pronounced n-hexane/cyclohexane selectivity is 
only present in the low-pressure range. 

The separation of benzene/cyclohexane, benzene/n-hexane etc. with selectivities of 10 
and above (Figure 7 and Section S11) show again a finely tuned and difficult to predict 
interplay of pore window size with (critical) adsorptive size and possibly a role of electro-
statics through functional groups such as NH2. 

3.5. Cycling Adsorption Runs 
The MOFs were found stable towards the liquid and gaseous C6-VOCs from PXRD 

and nitrogen sorption analysis after 5 days of contact with the VOC and re-activation (see 
Section S12 for details). For ZIF-11 we also performed a cycling adsorption tests for ben-
zene to check for the cycling stability and uptake consistency. (Figure 8). 

 
Figure 8. Benzene cycling test of ZIF-11 with 55 ad/desorption cycles up to a relative pressure of p 
p0−1 = 0.3 and a full adsorption measured every few cycles and at the end of the 55 cycles. 

To increase the rate of the cycling process the measurements were mostly performed 
only up to a relative pressure of p p0−1 0.3. Within the in total 54 cycles depicted in Figure 
8 we also did eight full adsorption cycles. The full adsorption measurements did not show 
a decrease in the initial benzene uptake of about 250 mg g−1. However, the more rapid 
short adsorption cycles with evacuation at 298 K for only 0.5 h and high dosing rates upon 
adsorption show a fluctuation. The short-time cycling starts with a benzene uptake of 150 
mg g−1 under these conditions. This uptake value started to increase after 5 cycles to near 
200 mg g−1 which could be due to an enhanced activation through residual solvent re-
moval from the repeated activation. However, after 15 total cycles the benzene uptake 
returned to 150 mg g−1 at which value it stayed until cycle 32 (Figure 8). From cycle 34 
onwards, the uptake dropped to 120 mg g−1 where it stayed rather constant until cycle 53. 
However, a subsequent full adsorption run gave the initial 250 mg g−1 uptake. 

4. Conclusions 
The C6 volatile organic compounds (VOCs) benzene, cyclohexane and n-hexane are 

important industrial products, but toxic for humans or the environment and need to be 
removed from water and air. This removal is an important part of industrial processes as 
well. Benzene is classified as a carcinogen, whereas cyclohexane causes dermatitis and 
n-hexane nerve damage. Metal–organic frameworks (MOFs) are promising candidates for 
toxic gas and vapor removal. In this work, for 18 different MOFs and ZIFs (15 MOFs and 
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3 ZIFs) the maximum VOC uptake capacity and the long-term stability were tested and 
correlated with the properties of the different MOFs. The analyzed properties were metal-
source, linker, pore volume, micropore volume, pore window and BET surface area. The 
uptake capacity was tested via volumetric adsorption measurements at 293 K and the 
long-term stability was tested under liquid and vapor conditions at room temperature. 
All investigated MOFs proved stable against the C6-VOCs. Out of the 18 MOFs investi-
gated here, 15 gave desorption isotherms with a wide or very wide hysteresis to the ad-
sorption branch, at least for one of the vapors. Most MOF-adsorbate pairs reach at least 
half of their maximum uptake at p p0−1 = 0.9 already at p p0−1 = 0.1 which is the upper end 
for the uptake of vapor traces. Already above a relative pressure (p p0−1) of about 0.45 
interparticle condensation takes place. Even at lower relative pressure—which is im-
portant for trace vapor removal—there is no single parameter, such as surface area, pore 
volume or pore dimensions, which correlates with the uptake or selectivity. From the 18 
MOFs, 10 have benzene, 5 have cyclohexane and 3 have n-hexane as VOC with the highest 
uptake (at p p0−1 = 0.1). The VOC uptake correlates only roughly with pore volume, BET 
surface area or pore window and micropore volume (obtained from N2 sorption). From a 
comparison of the MOF pore volume with the approximated volume of the adsorbate in 
a liquid state, a pore filling substantially above 100% is seen, which is explained by in-
ter-particle condensation. The best correlation is between the benzene uptake and pore 
volume. The widest spread is the correlation between VOC uptake and BET surface area. 
Another interesting correlation is between the pore window and the uptake. While it 
could be expected that large pore cross sections and large pore volumes generate a high 
uptake, it was remarkable to see that even MOFs with pore window sizes smaller than the 
diameter of the adsorbent molecules can give a sizeable uptake. For a good selectivity, 
MOFs in particular with such a small pore window cross section feature prominently. 

To a surprise, MOF with an amino group on the ligand was also highly discriminat-
ing against benzene, that is, it gave higher cyclohexane and n-hexane uptakes. No uptake 
is seen in ZIF-7 for benzene and cyclohexane; only the smaller n-hexane has access to the 
pore. The influence of the metal does not affect the sorption properties, as was to be ex-
pected and was not further investigated. The simulated IAST selectivities of the MOFs 
show a necessity towards small pore windows or diameters for high selectivity values, as 
found for ZIFs (ZIF-8, ZIF-11 and ZIF-7). However, the interplay between pore window 
size and (critical) size of the adsorbate and possibly the role of functional groups such as 
NH2 require more in-depth investigations for a more complete understanding. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/nano12203614/s1. S1 Materials and equipment; S2 MOF syn-
theses, crystal structures and MOF parameters; S3 Powder X-ray diffraction (PXRD) measurements; 
S4 Nitrogen sorption experiments (T = 77 K); S5 Carbon dioxide experiments (T = 273 K); S6 Vapor 
sorption experiments (T = 293 K); S7 Thermogravimetric analysis (TGA); S8 Scanning electron mi-
croscopy (SEM); S9 VOC uptake versus BET surface, pore window size, micropore volume; S10 VOC 
sorption studies; S11 Ideal Adsorbed Solution Theory, IAST-Selectivity; S12 Stability tests; S13 Gas 
Sorption at 293 K; S14 Crystal structures of benzene; S15 Images from ‘Mercury’ – Display Voids’ 
calculation; S16 References. References [83–110] are cited in the Supplementary Materials. 

Author Contributions: Conceptualization: C.J. (Christian Jansen) and C.J. (Christoph Janiak); meth-
odology: C.J. (Christian Jansen); validation: C.J. (Christian Jansen); formal analysis: C.J. (Christian 
Jansen), N.A., A.S. (Alex Spieß), J.L., A.S. (Alexa Schmitz), S.X., S.G.; investigation: C.J. (Christian 
Jansen), N.A., A.S. (Alex Spieß), J.L., A.S. (Alexa Schmitz), S.X., S.G.; resources: C.J. (Christoph 
Janiak); data curation: C.J (Christian Jansen); writing—original draft preparation: C.J. (Christian Jan-
sen); writing—review and editing: C.J. (Christian Jansen) and C.J. (Christoph Janiak); visualization: 
C.J. (Christian Jansen); supervision: C.J. (Christoph Janiak); project administration: C.J. (Christoph 
Janiak); funding acquisition: C.J. (Christoph Janiak). All authors have read and agreed to the pub-
lished version of the manuscript. 

Funding: C.J. (Christoph Janiak) is indebted to the DFG for funding within the priority program 
SPP 1928 “COORNET” (grant Ja466–43/1). 



Nanomaterials 2022, 12, 3614 15 of 19 
 

 

Data Availability Statement: The data presented in this study are available on request from the 
corresponding author. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Mukherjee, S.; Desai, A.V.; Ghosh, S.K. Potential of metal–organic frameworks for adsorptive separation of industrially and 

environmentally relevant liquid mixtures. Coord. Chem. Rev. 2018, 367, 82–126. https://doi.org/10.1016/j.ccr.2018.04.001. 
2. Barea, E.; Montoro, C.; Navarro, J.A.R. Toxic gas removal–metal-organic frameworks for the capture and degradation of toxic 

gases and vapours. Chem. Soc. Rev. 2014, 43, 5419–5430. https://doi.org/10.1039/c3cs60475f. 
3. Woellner, M.; Hausdorf, S.; Klein, N.; Mueller, P.; Smith, M.W.; Kaskel, S. Adsorption and Detection of Hazardous Trace Gases 

by Metal-Organic Frameworks. Adv. Mater. 2018, 30, 1704679. https://doi.org/10.1002/adma.201704679. 
4. Brandt, P.; Nuhnen, A.; Lange, M.; Möllmer, J.; Weingart, O.; Janiak, C. Metal-Organic Frameworks with Potential Application 

for SO2 Separation and Flue Gas Desulfurization. ACS Appl. Mater. Interfaces 2019, 11, 17350–17358. 
https://doi.org/10.1021/acsami.9b00029. 

5. Mukherjee, S.; He, Y.; Franz, D.; Wang, S.-Q.; Xian, W.-R.; Bezrukov, A.A.; Space, B.; Xu, Z.; He, J.; Zaworotko, M.J. Halogen-
C2H2 Binding in Ultramicroporous Metal-Organic Frameworks (MOFs) for Benchmark C2H2/CO2 Separation Selectivity. Chem. 
Eur. J. 2020, 26, 4923–4929. https://doi.org/10.1002/chem.202000008. 

6. Agrawal, M.; Sava Gallis, D.F.; Greathouse, J.A.; Sholl, D.S. How Useful Are Common Simulants of Chemical Warfare Agents 
at Predicting Adsorption Behavior? J. Phys. Chem. C 2018, 122, 26061–26069. https://doi.org/10.1021/acs.jpcc.8b08856. 

7. Sun, X.; Wu, T.; Yan, Z.; Chen, W.-J.; Lian, X.-B.; Xia, Q.; Chen, S.; Wu, Q.-H. Novel MOF-5 derived porous carbons as excellent 
adsorption materials for n-hexane. J. Solid State Chem. 2019, 271, 354–360. https://doi.org/10.1016/j.jssc.2019.01.002. 

8. Zhang, X.; Yang, Y.; Lv, X.; Wang, Y.; Liu, N.; Chen, D.; Cui, L. Adsorption/desorption kinetics and breakthrough of gaseous 
toluene for modified microporous-mesoporous UiO-66 metal organic framework. J. Hazard. Mater. 2019, 366, 140–150. 
https://doi.org/10.1016/j.jhazmat.2018.11.099. 

9. Duan, C.; Li, F.; Yang, M.; Zhang, H.; Wu, Y.; Xi, H. Rapid Synthesis of Hierarchically Structured Multifunctional Metal–Organic 
Zeolites with Enhanced Volatile Organic Compounds Adsorption Capacity. Ind. Eng. Chem. Res. 2018, 57, 15385–15394. 
https://doi.org/10.1021/acs.iecr.8b04028. 

10. Kim, B.; Lee, Y.-R.; Kim, H.-Y.; Ahn, W.-S. Adsorption of volatile organic compounds over MIL-125-NH2. Polyhedron 2018, 154, 
343–349. https://doi.org/10.1016/j.poly.2018.08.010. 

11. Yang, C.; Miao, G.; Pi, Y.; Xia, Q.; Wu, J.; Li, Z.; Xiao, J. Abatement of various types of VOCs by adsorption/catalytic oxidation: 
A review. Chem. Eng. Technol. 2019, 370, 1128–1153. https://doi.org/10.1016/j.cej.2019.03.232. 

12. Li, X.; Zhang, L.; Yang, Z.; Wang, P.; Yan, Y.; Ran, J. Adsorption materials for volatile organic compounds (VOCs) and the key 
factors for VOCs adsorption process: A review. Sep. Purif. Technol. 2020, 235, 116213. https://doi.org/10.1016/j.sep-
pur.2019.116213. 

13. Gelles, T.; Krishnamurthy, A.; Adebayo, B.; Rownaghi, A.; Rezaei, F. Abatement of gaseous volatile organic compounds: A 
material perspective. Catal. Today 2020, 350, 3–18. https://doi.org/10.1016/j.cattod.2019.06.017. 

14. Batten, S.R.; Champness, N.R.; Chen, X.-M.; Garcia-Martinez, J.; Kitagawa, S.; Öhrström, L.; O’Keeffe, M.; Paik Suh, M.; Reedijk, 
J. Terminology of metal–organic frameworks and coordination polymers (IUPAC Recommendations 2013). Pure Appl. Chem. 
2013, 85, 1715–1724. https://doi.org/10.1351/PAC-REC-12-11-20. 

15. Bhattarai, D.P.; Pant, B.; Acharya, J.; Park, M.; Ojha, G.P. Recent Progress in Metal-Organic Framework-Derived Nanostructures 
in the Removal of Volatile Organic Compounds. Molecules 2021, 26, 4948. https://doi.org/10.3390/molecules26164948. 

16. Agrawal, M.; Bhattacharyya, S.; Huang, Y.; Jayachandrababu, K.C.; Murdock, C.R.; Bentley, J.A.; Rivas-Cardona, A.; Mertens, 
M.M.; Walton, K.S.; Sholl, D.S.; et al. Liquid-Phase Multicomponent Adsorption and Separation of Xylene Mixtures by Flexible 
MIL-53 Adsorbents. J. Phys. Chem. C 2018, 122, 386–397. https://doi.org/10.1021/acs.jpcc.7b09105. 

17. Sini, K.; Bourgeois, D.; Idouhar, M.; Carboni, M.; Meyer, D. Metal–organic framework sorbents for the removal of perfluorinated 
compounds in an aqueous environment. New J. Chem. 2018, 42, 17889–17894. https://doi.org/10.1039/C8NJ03312A. 

18. Chevalier, V.; Martin, J.; Peralta, D.; Roussey, A.; Tardif, F. Performance of HKUST-1 Metal-Organic Framework for a VOCs 
mixture adsorption at realistic concentrations ranging from 0.5 to 2.5 ppmv under different humidity conditions. J. Environ. 
Chem. Eng. 2019, 7, 103131. https://doi.org/10.1016/j.jece.2019.103131. 

19. Wang, H.; Liu, Y.; Li, J. Designer Metal-Organic Frameworks for Size-Exclusion-Based Hydrocarbon Separations: Progress and 
Challenges. Adv. Mater. 2020, 32, 2002603. https://doi.org/10.1002/adma.202002603. 

20. Li, J.-R.; Kuppler, R.J.; Zhou, H.-C. Selective gas adsorption and separation in metal-organic frameworks. Chem. Soc. Rev. 2009, 
38, 1477–1504. https://doi.org/10.1039/b802426j. 

21. Monneyron, P.; Manero, M.-H.; Foussard, J.-N. Measurement and modeling of single- and multi-component adsorption equi-
libria of VOC on high-silica zeolites. Environ. Sci. Technol. 2003, 37, 2410–2414. https://doi.org/10.1021/es026206c. 

22. Ouzzine, M.; Romero-Anaya, A.J.; Lillo-Ródenas, M.A.; Linares-Solano, A. Spherical activated carbons for the adsorption of a 
real multicomponent VOC mixture. Carbon 2019, 148, 214–223. https://doi.org/10.1016/j.carbon.2019.03.075. 

23. Sui, H.; Liu, J.; He, L.; Li, X.; Jani, A. Adsorption and desorption of binary mixture of acetone and ethyl acetate on silica gel. 
Chem. Eng. Sci. 2019, 197, 185–194. https://doi.org/10.1016/j.ces.2018.12.010. 



Nanomaterials 2022, 12, 3614 16 of 19 
 

 

24. Eddaoudi, M.; Kim, J.; Rosi, N.; Vodak, D.; Wachter, J.; O'Keeffe, M.; Yaghi, O.M. Systematic design of pore size and function-
ality in isoreticular MOFs and their application in methane storage. Science 2002, 295, 469–472. https://doi.org/10.1126/sci-
ence.1067208. 

25. Wang, H.; Dong, X.; Lin, J.; Teat, S.J.; Jensen, S.; Cure, J.; Alexandrov, E.V.; Xia, Q.; Tan, K.; Wang, Q.; et al. Topologically guided 
tuning of Zr-MOF pore structures for highly selective separation of C6 alkane isomers. Nat. Commun. 2018, 9, 1745. 
https://doi.org/10.1038/s41467-018-04152-5. 

26. Wu, Y.; Chen, H.; Liu, D.; Xiao, J.; Qian, Y.; Xi, H. Effective ligand functionalization of zirconium-based metal-organic frame-
works for the adsorption and separation of benzene and toluene: A multiscale computational study. ACS Appl. Energy Mater. 
2015, 7, 5775–5787. https://doi.org/10.1021/am508570d. 

27. Sapianik, A.A.; Kovalenko, K.A.; Samsonenko, D.G.; Barsukova, M.O.; Dybtsev, D.N.; Fedin, V.P. Exceptionally effective ben-
zene/cyclohexane separation on a nitro-decorated metal-organic framework. Chem. Commun. 2020, 56, 8241–8244. 
https://doi.org/10.1039/D0CC03227A. 

28. Kökçam-Demir, Ü.; Goldman, A.; Esrafili, L.; Gharib, M.; Morsali, A.; Weingart, O.; Janiak, C. Coordinatively unsaturated metal 
sites (open metal sites) in metal-organic frameworks: Design and applications. Chem. Soc. Rev. 2020, 49, 2751–2798. 
https://doi.org/10.1039/c9cs00609e. 

29. Liu, A.; Peng, X.; Jin, Q.; Jain, S.K.; Vicent-Luna, J.M.; Calero, S.; Zhao, D. Adsorption and Diffusion of Benzene in Mg-MOF-74 
with Open Metal Sites. ACS Appl. Mater. Interfaces 2019, 11, 4686–4700. https://doi.org/10.1021/acsami.8b20447. 

30. Loiseau, T.; Serre, C.; Huguenard, C.; Fink, G.; Taulelle, F.; Henry, M.; Bataille, T.; Férey, G. A rationale for the large breathing 
of the porous aluminum terephthalate (MIL-53) upon hydration. Chem. Eur. J. 2004, 10, 1373–1382. 
https://doi.org/10.1002/chem.200305413. 

31. Chen, D.-L.; Wang, N.; Wang, F.-F.; Xie, J.; Zhong, Y.; Zhu, W.; Johnson, J.K.; Krishna, R. Utilizing the Gate-Opening Mechanism 
in ZIF-7 for Adsorption Discrimination between N2O and CO2. J. Phys. Chem. C 2014, 118, 17831–17837. 
https://doi.org/10.1021/jp5056733. 

32. Cuadrado-Collados, C.; Fernández-Català, J.; Fauth, F.; Cheng, Y.Q.; Daemen, L.L.; Ramirez-Cuesta, A.J.; Silvestre-Albero, J. 
Understanding the breathing phenomena in nano-ZIF-7 upon gas adsorption. J. Mater. Chem. A 2017, 5, 20938–20946. 
https://doi.org/10.1039/C7TA05922A. 

33. Gücüyener, C.; van den Bergh, J.; Gascon, J.; Kapteijn, F. Ethane/ethene separation turned on its head: Selective ethane adsorp-
tion on the metal-organic framework ZIF-7 through a gate-opening mechanism. J. Am. Chem. Soc. 2010, 132, 17704–17706. 
https://doi.org/10.1021/ja1089765. 

34. van den Bergh, J.; Gücüyener, C.; Pidko, E.A.; Hensen, E.J.M.; Gascon, J.; Kapteijn, F. Understanding the anomalous alkane 
selectivity of ZIF-7 in the separation of light alkane/alkene mixtures. Chem. Eur. J. 2011, 17, 8832–8840. 
https://doi.org/10.1002/chem.201100958. 

35. Shearer, G.C.; Chavan, S.; Ethiraj, J.; Vitillo, J.G.; Svelle, S.; Olsbye, U.; Lamberti, C.; Bordiga, S.; Lillerud, K.P. Tuned to Perfec-
tion: Ironing Out the Defects in Metal–Organic Framework UiO-66. Chem. Mater. 2014, 26, 4068–4071. 
https://doi.org/10.1021/cm501859p. 

36. Zhang, X.; Shi, X.; Chen, J.; Yang, Y.; Lu, G. The preparation of defective UiO-66 metal organic framework using MOF-5 as 
structural modifier with high sorption capacity for gaseous toluene. J. Environ. Chem. Eng. 2019, 7, 103405. 
https://doi.org/10.1016/j.jece.2019.103405. 

37. Saini, V.K.; Pires, J. Development of metal organic fromwork-199 immobilized zeolite foam for adsorption of common indoor 
VOCs. J. Environ. Sci. 2017, 55, 321–330. https://doi.org/10.1016/j.jes.2016.09.017. 

38. Belarbi, H.; Gonzales, P.; Basta, A.; Trens, P. Comparison of the benzene sorption properties of metal organic frameworks: 
Influence of the textural properties. Environ. Sci. Process. Impacts 2019, 21, 407–412. https://doi.org/10.1039/c8em00481a. 

39. Gwardiak, S.; Szczęśniak, B.; Choma, J.; Jaroniec, M. Benzene adsorption on synthesized and commercial metal–organic frame-
works. J. Porous Mater. 2019, 26, 775–783. https://doi.org/10.1007/s10934-018-0678-0. 

40. Dörfelt, C.; Kolvenbach, R.; Wirth, A.S.; Albert, M.; Köhler, K. Catalytic Properties of a Novel Raney-Nickel Foam in the Hy-
drogenation of Benzene. Catal. Lett. 2016, 146, 2425–2429. https://doi.org/10.1007/s10562-016-1879-2. 

41. Villaluenga, J.P.G.; Tabe-Mohammadi, A. A review on the separation of benzene/cyclohexane mixtures by pervaporation pro-
cesses. J. Membr. Sci. 2000, 169, 159–174. 

42. Krasavage, W.J.; O´Donoghue, J.L.; Di Vincenzo, G.D.; Terhaar, C.J. The relative neurotoxicity of methyl-n-butyl ketone, n-
hexane and their metabolites. Toxicol. Appl. Pharmacol. 1980, 52, 433–441. https://doi.org/10.1016/0041-008X(80)90338-5. 

43. Macreadie, L.K.; Qazvini, O.T.; Babarao, R. Reversing Benzene/Cyclohexane Selectivity through Varying Supramolecular Inter-
actions Using Aliphatic, Isoreticular MOFs. ACS Appl. Mater. Interfaces 2021, 26, 30885–30890. 
https://doi.org/10.1021/acsami.1c08823. 

44. Jiao, Y.; Liu, Y.; Zhu, G.; Hungerford, J.T.; Bhattacharyya, S.; Lively, R.P.; Sholl, D.S.; Walton, K.S. Heat-Treatment of Defective 
UiO-66 from Modulated Synthesis: Adsorption and Stability Studies. J. Phys. Chem. C 2017, 121, 23471–23479. 
https://doi.org/10.1021/acs.jpcc.7b07772. 

45. Kondo, A.; Suzuki, T.; Kotani, R.; Maeda, K. Liquid/vapor-induced reversible dynamic structural transformation of a three-
dimensional Cu-based MOF to a one-dimensional MOF showing gate adsorption. Dalton Trans. 2017, 46, 6762–6768. 
https://doi.org/10.1039/c7dt01126a. 



Nanomaterials 2022, 12, 3614 17 of 19 
 

 

46. Santra, A.; Francis, M.; Parshamoni, S.; Konar, S. Nanoporous Cu(I) Metal-Organic Framework: Selective Adsorption of Benzene 
and Luminescence Sensing of Nitroaromatics. ChemistrySelect 2017, 2, 3200–3206. https://doi.org/10.1002/slct.201700416. 

47. Lysova, A.A.; Samsonenko, D.G.; Dorovatovskii, P.V.; Lazarenko, V.A.; Khrustalev, V.N.; Kovalenko, K.A.; Dybtsev, D.N.; Fe-
din, V.P. Tuning the Molecular and Cationic Affinity in a Series of Multifunctional Metal-Organic Frameworks Based on Do-
decanuclear Zn(II) Carboxylate Wheels. J. Am. Chem. Soc. 2019, 141, 17260–17269. https://doi.org/10.1021/jacs.9b08322. 

48. Zhou, L.; Wang, S.; Chen, Y.; Serre, C. Direct synthesis of robust hcp UiO-66(Zr) MOF using poly(ethylene terephthalate) waste 
as ligand source. Microporous Mesoporous Mater. 2019, 290, 109674. https://doi.org/10.1016/j.micromeso.2019.109674. 

49. Sapianik, A.A.; Dudko, E.R.; Kovalenko, K.A.; Barsukova, M.O.; Samsonenko, D.G.; Dybtsev, D.N.; Fedin, V.P. Metal-Organic 
Frameworks for Highly Selective Separation of Xylene Isomers and Single-Crystal X-ray Study of Aromatic Guest-Host Inclu-
sion Compounds. ACS Appl. Mater. Interfaces 2021, 13, 14768–14777. https://doi.org/10.1021/acsami.1c02812. 

50. Manna, B.; Mukherjee, S.; Desai, A.V.; Sharma, S.; Krishna, R.; Ghosh, S.K. A π-electron deficient diaminotriazine functionalized 
MOF for selective sorption of benzene over cyclohexane. Chem. Commun. 2015, 51, 15386–15389. 
https://doi.org/10.1039/c5cc06128h. 

51. Mukherjee, S.; Manna, B.; Desai, A.V.; Yin, Y.; Krishna, R.; Babarao, R.; Ghosh, S.K. Harnessing Lewis acidic open metal sites of 
metal-organic frameworks: The foremost route to achieve highly selective benzene sorption over cyclohexane. Chem. Commun. 
2016, 52, 8215–8218. https://doi.org/10.1039/c6cc03015g. 

52. Macreadie, L.K.; Babarao, R.; Setter, C.J.; Lee, S.J.; Qazvini, O.T.; Seeber, A.J.; Tsanaktsidis, J.; Telfer, S.G.; Batten, S.R.; Hill, M.R. 
Enhancing Multicomponent Metal-Organic Frameworks for Low Pressure Liquid Organic Hydrogen Carrier Separations. An-
gew. Chem. Int. Ed. 2020, 59, 6090–6098. https://doi.org/10.1002/anie.201916159. 

53. Thommes, M.; Kaneko, K.; Neimark, A.V.; Olivier, J.P.; Rodriguez-Reinoso, F.; Rouquerol, J.; Sing, K.S. Physisorption of gases, 
with special reference to the evaluation of surface area and pore size distribution (IUPAC Technical Report). Pure Appl. Chem. 
2015, 87, 1051–1069. https://doi.org/10.1515/pac-2014-1117. 

54. Leung, E.; Müller, U.; Trukhan, N.; Mattenheimer, H.; Cox, G.; Blei, S. Process for Preparing Porous Metal-Organic Frameworks 
Based On Aluminum Fumarate. US 2012/0082864 A1, 5 April 2012. 

55. Alvarez, E.; Guillou, N.; Martineau, C.; Bueken, B.; Van de Voorde, B.; Le Guillouzer, C.; Fabry, P.; Nouar, F.; Taulelle, F.; de 
Vos, D.; et al. The structure of the aluminum fumarate metal-organic framework A520. Angew. Chem. Int. Ed. 2015, 54, 3664–
3668. https://doi.org/10.1002/anie.201410459. 

56. Cadiau, A.; Lee, J.S.; Damasceno Borges, D.; Fabry, P.; Devic, T.; Wharmby, M.T.; Martineau, C.; Foucher, D.; Taulelle, F.; Jun, 
C.-H.; et al. Design of hydrophilic metal organic framework water adsorbents for heat reallocation. Adv. Mater. 2015, 27, 4775–
4780. https://doi.org/10.1002/adma.201502418. 

57. Senkovska, I.; Hoffmann, F.; Fröba, M.; Getzschmann, J.; Böhlmann, W.; Kaskel, S. New highly porous aluminium based metal-
organic frameworks: Al(OH)(ndc) (ndc=2,6-naphthalene dicarboxylate) and Al(OH)(bpdc) (bpdc=4,4′-biphenyl dicarboxylate). 
Microporous Mesoporous Mater. 2009, 122, 93–98. https://doi.org/10.1016/j.micromeso.2009.02.020. 

58. Gotthardt, M.A.; Grosjean, S.; Brunner, T.S.; Kotzel, J.; Gänzler, A.M.; Wolf, S.; Bräse, S.; Kleist, W. Synthesis and post-synthetic 
modification of amine-, alkyne-, azide- and nitro-functionalized metal-organic frameworks based on DUT-5. Dalton Trans. 2015, 
44, 16802–16809. https://doi.org/10.1039/c5dt02276b. 

59. Tannert, N.; Ernst, S.-J.; Jansen, C.; Bart, H.-J.; Henninger, S.K.; Janiak, C. Evaluation of the highly stable metal–organic frame-
work MIL-53(Al)-TDC (TDC = 2,5-thiophenedicarboxylate) as a new and promising adsorbent for heat transformation applica-
tions. J. Mater. Chem. A 2018, 6, 17706–17712. https://doi.org/10.1039/C8TA04407D. 

60. Zi, G.; Yan, Z.; Wang, Y.; Chen, Y.; Guo, Y.; Yuan, F.; Gao, W.; Wang, Y.; Wang, J. Catalytic hydrothermal conversion of carbox-
ymethyl cellulose to value-added chemicals over metal-organic framework MIL-53(Al). Carbohydr. Polym. 2015, 115, 146–151. 
https://doi.org/10.1016/j.carbpol.2014.08.065. 

61. Aguilera-Sigalat, J.; Bradshaw, D. A colloidal water-stable MOF as a broad-range fluorescent pH sensor via post-synthetic mod-
ification. Chem. Commun. 2014, 50, 4711–4713. https://doi.org/10.1039/c4cc00659c. 

62. Hu, Z.; Peng, Y.; Kang, Z.; Qian, Y.; Zhao, D. A Modulated Hydrothermal (MHT) Approach for the Facile Synthesis of UiO-66-
Type MOFs. Inorg. Chem. 2015, 54, 4862–4868. https://doi.org/10.1021/acs.inorgchem.5b00435. 

63. Katz, M.J.; Brown, Z.J.; Colón, Y.J.; Siu, P.W.; Scheidt, K.A.; Snurr, R.Q.; Hupp, J.T.; Farha, O.K. A facile synthesis of UiO-66, 
UiO-67 and their derivatives. Chem. Commun. 2013, 49, 9449–9451. https://doi.org/10.1039/c3cc46105j. 

64. Drache, F.; Bon, V.; Senkovska, I.; Marschelke, C.; Synytska, A.; Kaskel, S. Postsynthetic Inner-Surface Functionalization of the 
Highly Stable Zirconium-Based Metal-Organic Framework DUT-67. Inorg. Chem. 2016, 55, 7206–7213. 
https://doi.org/10.1021/acs.inorgchem.6b00829. 

65. Sohail, M.; Yun, Y.-N.; Lee, E.; Kim, S.K.; Cho, K.; Kim, J.-N.; Kim, T.W.; Moon, J.-H.; Kim, H. Synthesis of Highly Crystalline 
NH2-MIL-125 (Ti) with S-Shaped Water Isotherms for Adsorption Heat Transformation. Cryst. Growth Des. 2017, 17, 1208–1213. 
https://doi.org/10.1021/acs.cgd.6b01597. 

66. Santaclara, J.G.; Nasalevich, M.A.; Castellanos, S.; Evers, W.H.; Spoor, F.C.M.; Rock, K.; Siebbeles, L.D.A.; Kapteijn, F.; Grozema, 
F.; Houtepen, A.; et al. Organic Linker Defines the Excited-State Decay of Photocatalytic MIL-125(Ti)-Type Materials. ChemSus-
Chem. 2016, 9, 388–395. https://doi.org/10.1002/cssc.201501353. 

67. Zhao, T.; Jeremias, F.; Boldog, I.; Nguyen, B.; Henninger, S.K.; Janiak, C. High-yield, fluoride-free and large-scale synthesis of 
MIL-101(Cr). Dalton Trans. 2015, 44, 16791–16801. https://doi.org/10.1039/c5dt02625c. 



Nanomaterials 2022, 12, 3614 18 of 19 
 

 

68. Kida, K.; Okita, M.; Fujita, K.; Tanaka, S.; Miyake, Y. Formation of high crystalline ZIF-8 in an aqueous solution. CrystEngComm. 
2013, 15, 1794–1801. https://doi.org/10.1039/c2ce26847g. 

69. He, M.; Yao, J.; Liu, Q.; Zhong, Z.; Wang, H. Toluene-assisted synthesis of RHO-type zeolitic imidazolate frameworks: Synthesis 
and formation mechanism of ZIF-11 and ZIF-12. Dalton Trans. 2013, 42, 16608–16613. https://doi.org/10.1039/c3dt52103f. 

70. Kang, C.-H.; Lin, Y.-F.; Huang, Y.-S.; Tung, K.-L.; Chang, K.-S.; Chen, J.-T.; Hung, W.-S.; Lee, K.-R.; Lai, J.-Y. Synthesis of ZIF-
7/chitosan mixed-matrix membranes with improved separation performance of water/ethanol mixtures. J. Membr. Sci. 2013, 438, 
105–111. https://doi.org/10.1016/j.memsci.2013.03.028. 

71. Li, Y.; Liang, F.; Bux, H.; Yang, W.; Caro, J. Zeolitic imidazolate framework ZIF-7 based molecular sieve membrane for hydrogen 
separation. J. Membr. Sci. 2010, 354, 48–54. https://doi.org/10.1016/j.memsci.2010.02.074. 

72. Webster, C.E.; Drago, R.S.; Zerner, M.C. Molecular Dimensions for Adsorptives. J. Am. Chem. Soc. 1998, 1998, 5509–5516. 
https://doi.org/10.1021/ja973906m. 

73. Yang, Q.-Y.; Lama, P.; Sen, S.; Lusi, M.; Chen, K.-J.; Gao, W.-Y.; Shivanna, M.; Pham, T.; Hosono, N.; Kusaka, S.; et al. Reversible 
Switching between Highly Porous and Nonporous Phases of an Interpenetrated Diamondoid Coordination Network That Ex-
hibits Gate-Opening at Methane Storage Pressures. Angew. Chem. Int. Ed. 2018, 57, 5684–5689. 
https://doi.org/10.1002/anie.201800820. 

74. Hou, L.; Lin, Y.-Y.; Chen, X.-M. Porous metal-organic framework based on mu4-oxo tetrazinc clusters: Sorption and guest-
dependent luminescent properties. Inorg. Chem. 2008, 47, 1346–1351. https://doi.org/10.1021/ic702085x. 

75. Yu, L.; Dong, X.; Gong, Q.; Acharya, S.R.; Lin, Y.; Wang, H.; Han, Y.; Thonhauser, T.; Li, J. Splitting Mono- and Dibranched 
Alkane Isomers by a Robust Aluminum-Based Metal-Organic Framework Material with Optimal Pore Dimensions. J. Am. Chem. 
Soc. 2020, 142, 6925–6929. https://doi.org/10.1021/jacs.0c01769. 

76. Novaković, S.B.; Bogdanović, G.A.; Heering, C.; Makhloufi, G.; Francuski, D.; Janiak, C. Charge-density distribution and elec-
trostatic flexibility of ZIF-8 based on high-resolution X-ray diffraction data and periodic calculations. Inorg. Chem. 2015, 54, 
2660–2670. https://doi.org/10.1021/ic5028256. 

77. He, T.; Kong, X.-J.; Bian, Z.-X.; Zhang, Y.-Z.; Si, G.-R.; Xie, L.-H.; Wu, X.-Q.; Huang, H.; Chang, Z.; Bu, X.-H.; et al. Trace removal 
of benzene vapour using double-walled metal–dipyrazolate frameworks. Nat. Mater. 2022, 119, 4471. 
https://doi.org/10.1038/s41563-022-01237-x. 

78. Eddaoudi, M.; Moler, D.B.; Li, H.; Chen, B.; Reineke, T.M.; O'Keeffe, M.; Yaghi, O.M. Modular Chemistry: Secondary Building 
Units as a Basis for the Design of Highly Porous and Robust Metal−Organic Carboxylate Frameworks. Acc. Chem. Res. 2001, 34, 
319–330. https://doi.org/10.1021/ar000034b. 

79. Eddaoudi, M.; Li, H.; Yaghi, O.M. Highly Porous and Stable Metal−Organic Frameworks: Structure Design and Sorption Prop-
erties. J. Am. Chem. Soc. 2000, 122, 1391–1397. https://doi.org/10.1021/ja9933386. 

80. Li, M.; Huang, W.; Tang, B.; Fang, Q.; Ling, X.; Lv, A. Characterizations and n -Hexane Vapor Adsorption of a Series of MOF/Al-
ginates. Ind. Eng. Chem. Res. 2020, 59, 18835–18843. https://doi.org/10.1021/acs.iecr.9b06744. 

81. Yang, R.T. Adsorbents: Fundamentals and Applications; John Wiley & Sons: Hoboken, NJ, USA, 2003. 
82. Lee, E.C.; Kim, D.; Jurecka, P.; Tarakeshwar, P.; Hobza, P.; Kim, K.S. Understanding of Assembly Phenomena by Aromatic-

Aromatic Interactions: Benzene Dimer and the Substituted Systems. J. Phys. Chem. A 2007, 111, 3446–3457. 
https://doi.org/10.1021/jp068635t. 

83. Brandenburg, K. Diamond 4.6, Crystal and Molecular Structure Visualization. Copyright 1997-2022 Crystal Impact GbR, Bon, 
Germany. Available online: https://www.crystalimpact.com/diamond/ (accessed on 10 August 2022). 

84. Wahiduzzaman, M.; Lenzen, D.; Maurin, G.; Stock, N.; Wharmby, M.T. Rietveld Refinement of MIL-160 and Its Structural Flex-
ibility Upon H2O and N2 Adsorption. Eur. J. Inorg. Chem. 2018, 3626–3632. https://doi.org/10.1002/ejic.201800323. 

85. Rallapalli, P.; Patil, D.; Prasanth, K.P.; Somani, R.S.; Jasra, R.V.; Bajaj, H.C. An alternative activation method for the enhancement 
of methane storage capacity of nanoporous aluminium terephthalate, MIL-53(Al). J. Porous Mater. 2010, 17, 523–528. 
https://doi.org/10.1007/s10934-009-9320-5. 

86. Ortiz, G.; Chaplais, G.; Paillaud, J.-L.; Nouali, H.; Patarin, J.; Raya, J.; Marichal, C. New Insights into the Hydrogen Bond Net-
work in Al-MIL-53 and Ga-MIL-53. J. Phys. Chem. C 2014, 118, 22021–22029. https://doi.org/10.1021/jp505893s. 

87. Cavka, J.H.; Jakobsen, S.; Olsbye, U.; Guillou, N.; Lamberti, C.; Bordiga, S.; Lillerud, K.P. A new zirconium inorganic building 
brick forming metal organic frameworks with exceptional stability. J. Am. Chem. Soc. 2008, 130, 13850–13851. 
https://doi.org/10.1021/ja8057953. 

88. Bon, V.; Senkovska, I.; Baburin, I.A.; Kaskel, S. Zr- and Hf-Based Metal–Organic Frameworks: Tracking Down the Polymor-
phism. Cryst. Growth Des. 2013, 13, 1231–1237. https://doi.org/10.1021/cg301691d. 

89. Dan-Hardi, M.; Serre, C.; Frot, T.; Rozes, L.; Maurin, G.; Sanchez, C.; Férey, G. A new photoactive crystalline highly porous 
titanium(IV) dicarboxylate. J. Am. Chem. Soc. 2009, 131, 10857–10859. https://doi.org/10.1021/ja903726m. 

90. Férey, G.; Mellot-Draznieks, C.; Serre, C.; Millange, F.; Dutour, J.; Surblé, S.; Margiolaki, I. A chromium terephthalate-based 
solid with unusually large pore volumes and surface area. Science 2005, 309, 2040–2042. https://doi.org/10.1126/science.1116275. 

91. Morris, W.; Stevens, C.J.; Taylor, R.E.; Dybowski, C.; Yaghi, O.M.; Garcia-Garibay, M.A. NMR and X-ray Study Revealing the 
Rigidity of Zeolitic Imidazolate Frameworks. J. Phys. Chem. C 2012, 116, 13307–13312. https://doi.org/10.1021/jp303907p. 

92. Park, K.S.; Ni, Z.; Côté, A.P.; Choi, J.Y.; Huang, R.; Uribe-Romo, F.J.; Chae, H.K.; O’Keeffe, M.; Yaghi, O.M. Exceptional chemical 
and thermal stability of zeolitic imidazolate frameworks. Proc. Natl. Acad. Sci. USA 2006, 103, 10186–10191. 
https://doi.org/10.1073/pnas.0602439103. 



Nanomaterials 2022, 12, 3614 19 of 19 
 

 

93. Tschense, C.B.L.; Reimer, N.; Hsu, C.-W.; Reinsch, H.; Siegel, R.; Chen, W.-J.; Lin, C.-H.; Cadiau, A.; Serre, C.; Senker, J.; et al. 
New Group 13 MIL-53 Derivates based on 2,5-Thiophenedicarboxylic Acid. Z. Anorg. Allg. Chem. 2017, 643, 1600–1608. 
https://doi.org/10.1002/zaac.201700260. 

94. Lin, Z.-J.; Zheng, H.-Q.; Zeng, Y.-N.; Wang, Y.-L.; Chen, J.; Cao, G.-J.; Gu, J.-F.; Chen, B. Effective and selective adsorption of 
organoarsenic acids from water over a Zr-based metal-organic framework. Chem. Eng. J. 2019, 378, 122196. 
https://doi.org/10.1016/j.cej.2019.122196. 

95. Chen, D.-L.; Wu, S.; Yang, P.; He, S.; Dou, L.; Wang, F.-F. Ab Initio Molecular Dynamic Simulations on Pd Clusters Confined in 
UiO-66-NH2. J. Phys. Chem. C 2017, 121, 8857–8863. https://doi.org/10.1021/acs.jpcc.7b00957. 

96. Reinsch, H.; Bueken, B.; Vermoortele, F.; Stassen, I.; Lieb, A.; Lillerud, K.-P.; de Vos, D. Green synthesis of zirconium-MOFs. 
CrystEngComm. 2015, 17, 4070–4074. https://doi.org/10.1039/C5CE00618J. 

97. Kim, S.-N.; Kim, J.; Kim, H.-Y.; Cho, H.-Y.; Ahn, W.-S. Adsorption/catalytic properties of MIL-125 and NH2-MIL-125. Catal. 
Today 2013, 204, 85–93. https://doi.org/10.1016/j.cattod.2012.08.014. 

98. Mercury 2021.2.0, Program for Crystal Structure Visualisation, Exploration and Analysis from the Cambridge Crystallographic 
Data Center, Copyright CCDC 2001–2021. Available online: http://www.ccdc.cam.ac.uk/mercury/ (accessed on 10 July 2022). 

99. Macrae, C.F.; Sovago, I.; Cottrell, S.J.; Galek, P.T.A.; McCabe, P.; Pidcock, E.; Platings, M.; Shields, G.P.; Stevens, J.S.; Towler, 
M.; Wood, P.A. Mercury 4.0: From visualization to analysis, design and prediction. J. Appl. Cryst. 2020, 53, 226–235. 

100. Trickett, C.A.; Gagnon, K.J.; Lee, S.; Gándara, F.; Bürgi, H.-B.; Yaghi, O.M. Definitive molecular level characterization of defects 
in UiO-66 crystals. Angew. Chem. Int. Ed. 2015, 54, 11162–11167. https://doi.org/10.1002/anie.201505461. 

101. Øien, S.; Wragg, D.; Reinsch, H.; Svelle, S.; Bordiga, S.; Lamberti, C.; Lillerud, K.P. Detailed Structure Analysis of Atomic Posi-
tions and Defects in Zirconium Metal–Organic Frameworks. Cryst. Growth. Des. 2014, 14, 5370–5372. 
https://doi.org/10.1021/cg501386j. 

102. Zhao, P.; Bennett, T.D.; Casati, N.P.M.; Lampronti, G.I.; Moggach, S.A.; Redfern, S.A.T. Pressure-induced oversaturation and 
phase transition in zeolitic imidazolate frameworks with remarkable mechanical stability. Dalton Trans. 2015, 44, 4498–4503. 
https://doi.org/10.1039/c4dt02680b. 

103. Lin, X.; Blake, A.J.; Wilson, C.; Sun, X.Z.; Champness, N.R.; George, M.W.; Hubberstey, P.; Mokaya, R.; Schröder, M. A porous 
framework polymer based on a zinc(II) 4,4'-bipyridine-2,6,2',6'-tetracarboxylate: Synthesis, structure, and "zeolite-like" behav-
iors. J. Am. Chem. Soc. 2006, 128, 10745–10753. https://doi.org/10.1021/ja060946u. 

104. Brandt, P.; Xing, S.-H.; Liang, J.; Kurt, G.; Nuhnen, A.; Weingart, O.; Janiak, C. Zirconium and Aluminum MOFs for Low-
Pressure SO2 Adsorption and Potential Separation: Elucidating the Effect of Small Pores and NH2 Groups. ACS Appl. Mater. 
Interfaces 2021, 13, 29137–29149. https://doi.org/10.1021/acsami.1c06003. 

105. Brandt, P.; Nuhnen, A.; Öztürk, S.; Kurt, G.; Liang, J.; Janiak, C. Comparative Evaluation of Different MOF and Non‐MOF 
Porous Materials for SO2 Adsorption and Separation Showing the Importance of Small Pore Diameters for Low‐Pressure Up-
take. Adv. Sustain. Syst. 2021, 122, 2000285. https://doi.org/10.1002/adsu.202000285. 

106. 3P INSTRUMENTS, 3P sim, Version 1.1.0.7, Simulation and Evaluation Tool for mixSorb, 3P INSTRUMENTS 2018. 
107. Cessford, N.F.; Seaton, N.A.; Düren, T. Evaluation of Ideal Adsorbed Solution Theory as a Tool for the Design of Metal–Organic 

Framework Materials. Ind. Eng. Chem. Res. 2012, 51, 4911–4921. https://doi.org/10.1021/ie202219w. 
108. Zhao, P.; Lampronti, G.I.; Lloyd, G.O.; Wharmby, M.T.; Facq, S.; Cheetham, A.K.; Redfern, S.A.T. Phase Transitions in Zeolitic 

Imidazolate Framework 7: The Importance of Framework Flexibility and Guest-Induced Instability. Chem. Mater. 2014, 26, 1767–
1769. https://doi.org/10.1021/cm500407f. 

109. Budzianowski, A.; Katrusiak, A. Pressure-frozen benzene I revisited. Acta Crystallogr. Sect. B 2006, 62, 94–101. 
110. Katrusiak, A.; Podsiadzo, M.; Budzianowski, A. Association CH···π and No van der Waals Contacts at the Lowest Limits of 

Crystalline Benzene I and II Stability Regions. Cryst. Growth Des. 2010, 10, 3461–3465. 


