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TOC 

 

ZIF-8, a flexible MOF triggered by guest-host interactions, has been tested for BTX 

adsorption/desorption using static and dynamic methods. It exhibits excellent retention 

capacity at moderate temperatures due to the local mobility of the linkers. 
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ABSTRACT 

Technological innovations allowing the capture of volatile organic compounds (VOCs), in 

particular aromatic compounds (BTEX), continue to be sought. Activated carbon (AC) is a 

widely-used adsorbent, but upon moderate temperature increases, typically 50 °C, it tends to 

release accumulated VOCs and thereby contribute to air pollution peaks. We evaluate herein 

the adsorption performances of ZIF-7 synthesized from a new and greener protocol as well as 

ZIF-8. These two MOFs exhibit flexibility triggered by guest-host interactions, for the 

adsorption of benzene, toluene and p-xylene (BTX). The desorption capacity of different 

materials at various temperatures is examined. Adsorption/desorption performances are 

evaluated using both the static method (volumetric analysis) and the dynamic method. The 

latter allows for the co-adsorption of the pollutant in the presence of water. Unlike traditional 

AC, ZIFs demonstrate unaffected adsorption performance in the presence of water. Both AC 

and ZIF-7 undergo significant desorption at low temperatures (55 and 93 % of adsorbed 

toluene, respectively), potentially releasing high concentrations of VOCs when exposed to 

solar radiation, which eliminates the possibility of its application for indoor air treatment. 

Remarkably, ZIF-8 does not show significant BTX desorption for temperatures below 50°C 

(14%), while maintaining excellent regeneration characteristics at higher temperatures. We 

propose that this specific property can be depicted by a local dynamic-motion mechanism. 

Toluene is strongly diffusion-controlled, requiring the overcoming of a high energy barrier to 

cross the narrow six-membered ring aperture, while the size of the aperture is reduced by a 

ratio of the linker induced by the toluene packing in the sodalite (SOD) cavity. 
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I. INTRODUCTION 

 

Benzene, toluene, ethylbenzene and xylenes, collectively known as BTEX, are airborne 

volatile organic compounds (VOCs) recognized as toxic pollutants responsible for both indoor 

and outdoor air pollution, leading to various health issues.1,2,3,4 Specifically, benzene is well 

documented for its carcinogenic effects.5 The primary source of BTEX in urban environments 

is vehicle exhaust, with concentration peaks also observed during forest fires.6,7 

Adsorption of VOCs, particularly BTEX, onto microporous solids such as activated 

carbons (AC)8,9,10 and hydrophobic zeolites11,12,13 is commonly employed in dynamic systems, 

including fixed-bed (chromatographic) columns and coatings on rotor concentrators.14 Kim et 

al. established criteria and metrics derived from the benzene adsorption isotherm, including the 

partitioning coefficient (KH) and equilibrium adsorption capacity at low pressure, to facilitate 

the preliminary screening of potential adsorbent candidates under relevant VOC concentration 

conditions. A ranking of 73 adsorbent candidates from literature data indicates that activated 

carbons are suitable for benzene removal in adsorption/desorption cycling processes.15 Another 

class of porous materials, metal-organic frameworks (MOFs), has been widely studied for VOC 

adsorption. Due to its high specific surface area, MIL-101 was studied in 2011 for BTEX 

adsorption by Zhao et al., leading to an adsorption capacity of p-xylene of 10.9 mmol g-1 at 

15 °C and 6 mbar.16 Other MOFs have been tested for BTEX adsorption such as UiO-66, 

HKUST-1, and MOF-5 for example.17,18,19 Nevertheless, the choice of highly hydrophobic 

MOFs appears as a determinant criterion for VOC capture since water concentration is not 

neglectable in the atmosphere, and moisture reduces the available sites for VOC adsorption.20 

Furthermore, the stability of the MOF can be lowered in the presence of water.21,22 Recently, 

He et al. highlighted the exceptional performance of MOFs, specifically BUT-53/58, in terms 

of adsorption capacity at a benzene concentration of 10 ppm with notable breakthrough times 
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even in the presence of high humidity levels.5 Another category of MOFs, Zeolite-Imidazolate 

Frameworks (ZIFs) and more precisely ZIF-7 and ZIF-8 are well known as highly hydrophobic 

materials.23  

In contrast to industrial HVAC (heating, ventilation and air-conditioning) systems that 

utilize swing adsorption-desorption processes,24,25 passive VOC systems, such as removable 

activated carbon filters used in individual air-treatment devices or vehicles, are not regenerated 

and must be regularly replaced with fresh filters. While adsorption capacity is a critical criterion 

determining the filter's usage time, the desorption of VOCs from the filter back into the 

environment presents a significant challenge. A slight increase in temperature (i. e. up to 50 °C) 

can lead to the rapid desorption of VOCs that have accumulated over time, resulting in elevated 

VOC concentrations in the surrounding air.26 This issue is particularly pronounced in 

automotive air-treatment systems, for which sudden temperature increases (e.g., due to parking 

a car in direct sunlight) can exacerbate the problem. In prototype tests for vehicle applications, 

Alvarez et al. measured nearly instantaneous VOC release from activated carbons and MOFs 

when the temperature was raised from room temperature to 50°C. The results highlight the 

need for improved materials and designs that mitigate the risks associated with VOC desorption 

in passive air-treatment systems.27 

We anticipated that MOFs with flexibility triggered by guest-host interactions could 

exhibit enhanced adsorption strength and, consequently, reduce or slow down the release of 

VOCs subjected to a temperature increase.28,29 ZIF-7 and ZIF-8, which possess the same 

sodalite (SOD) topology, are obtained under mild synthesis conditions making them 

sustainable for the environment.30  As they exhibit two different types of structural flexibility 

upon guest adsorption,31 they were chosen as the study materials. ZIF-8, composed of Zn²⁺ 

cations and 2-methylimidazole ligands, is renowned for its gate-opening mechanism, also 

referred to as local dynamic motion or the trap-door effect. This phenomenon involves the 
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rotation of the imidazolate linkers, which expands the pore aperture of the six-membered ring 

windows from 3.4 to 4.1 Å. This rotation is observable under high pressure or during gas 

adsorption uptake. 32,33 In contrast, ZIF-7 "breathing" is associated with a phase-to-phase 

transition involving a crystallographic change from a high-density phase II structure with 

triclinic symmetry (narrow pore, np) to a low-density phase I structure with trigonal symmetry 

(large pore, lp).34,35 This phase transition upon adsorption is accompanied by a significant 

adsorption/desorption hysteresis, evidencing stronger entrapment of guest molecules. 36,37 For 

VOC preconcentration samplers, Lv et al. found that benzene is more difficult to desorb in 

ZIF-7 than in Tenax (a state-of-the-art adsorbent), attributing this phenomenon to the 

framework flexibility.38 

In this study, we develop a new synthetic route for ZIF-7 that does not necessitate a 

heating step, improving its synthesis from an environmental point of view. We then 

demonstrate through static and dynamic adsorption/desorption experiments that BTEX 

molecules are difficult to desorb from ZIF-8 upon heating below 100°C. Conversely, ZIF-7 

and the reference high surface-area AC allow for significant desorption of BTEX in the above 

temperature range. Moreover, we show that the relative humidity level does not significantly 

influence BTEX adsorption/desorption when using ZIF-8. 
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II. EXPERIMENTAL 
 

II.1) Materials 
 

Activated carbon (AC) (SP-Defense, Honeywell) and ZIF-8 (MOFapps) were purchased 

and post-processed as described to allow proper chromatographic studies. The materials were 

compacted using a press at 2 tons for 2 minutes, yielding a tablet of 30 mm diameter and 3 mm 

thickness, and then this tablet was crushed and sieved to obtain homogeneous particles with 

diameters between 300 µm and 600 µm.  

ZIF-7 was synthesized according to this newly developed synthesis protocol. In a 250-mL 

round-bottomed flask, 1.2 g (10 mmol) of benzimidazole and 1.36 g (7 mmol) of 

Zn(NO₃)₂·6H₂O were dissolved in 100 mL of acetone. After complete dissolution, 10 mL of 

ethylenediamine was added to the mixture during placement in an ice bath to prevent acetone 

evaporation. The solution was then left at room temperature for 2 hours under continuous 

stirring. Subsequently, the mixture was centrifuged at 9000 rpm for 20 minutes to separate the 

solid material from the liquid. The resulting ZIF-7 was dispersed in 30 mL of DMF to eliminate 

any remaining reactants. This washing procedure was repeated three times using DMF and 

twice with MeOH. The residue was then left at room temperature overnight. ZIF-7 was sieved 

to obtain homogeneous particles with diameters between 300 µm and 600 µm, similar to the 

two other materials. After heating to 150°C under vacuum to remove all contaminants, ZIF-7 

in phase II configuration was obtained.  

II.2) Characterization of the adsorbents 

X-ray diffraction (XRD) patterns were recorded using a Bruker (Siemens) D5000 

diffractometer. Diffractograms were collected in the 2θ range of 5° to 50° with a step size of 

0.02° and a counting time of 1 second per step, using CuKα radiation (λ = 1.54059 Å). 
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Elemental analysis was performed to quantify the atomic amounts of carbon, hydrogen and 

oxygen in carbonaceous materials using a Flash 2000 Thermo instrument. Prior to analysis, the 

samples were dried at 100°C to remove adsorbed water molecules. Nitrogen physisorption 

measurements were conducted using a Microtrac Belsorp Mini X instrument at 77 K. Before 

the physisorption measurements were carried out, approximately 50 mg of the sample was 

outgassed overnight under vacuum at a specific temperature based on the thermal stability of 

the sample: 140°C (ZIFs) or 300°C (AC). Experiments were performed for relative pressures 

(P/P0) between 0 and 1. Each data point was recorded with a pressure variation lower than 0.3% 

for 300 seconds as the equilibrium criterion. The pore size distribution of AC was calculated 

from the CO2 isotherm measured at 298 K using the Grand Canonical Monte Carlo (GCMC) 

model for non-graphitic carbon materials. 

II.3) Static adsorption/desorption methods 

To evaluate the sorption capacities of the different porous materials, volumetric static 

adsorption/desorption experiments of the BTX compounds were initially performed using a 

Microtrac Belsorp Max II apparatus. Isotherms were obtained by applying a defined tabulated 

pressure. Thermodynamic equilibrium was considered achieved when the total pressure 

variation within the cell was lower than 0.3% for 300 seconds. Isotherms were performed at 

three different temperatures (20, 40 and 60 °C) and analyzed by Polanyi's adsorption potential 

theory to assess whether thermodynamic equilibrium had been reached or not.39 This theory 

yields a characteristic function that is representative of the fluid/solid system under 

investigation. In practice, the adsorbed phase volume (taking into account the molar volume of 

the studied molecule at the experimental temperature) is plotted as a function of the chemical 

potential μ (Equation 1): 

Equation 1  𝜇𝜇 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑃𝑃
𝑃𝑃0
� 
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Here, R is the gas constant (8.314 J K-1 mol-1), T the experiment temperature (K), P the 

equilibrium pressure (Pa), and P0 the saturation pressure at the given temperature. P/P0 can be 

directly read from the isotherms. 

Due to instrumental limitations, isotherms performed at 60°C were terminated at P/P0 = 0.4. 

Prior to the adsorption/desorption experiments, each sample was degassed overnight, similarly 

to the N2 adsorption (77 K) measurements. This degassing procedure was implemented to 

remove any contaminants from the materials. 

II.4) Dynamic adsorption/desorption experiments  

Dynamic (breakthrough) adsorption experiments were conducted using a custom-built 

setup described elsewhere.40 A scheme of the setup is available in the supporting information 

(Figure S1). For dynamic adsorption experiments, toluene has been used as a model compound, 

as toluene, benzene, and p-xylene are all aromatic compounds and have similar kinetic 

diameters.41 Prior to the adsorption process, materials were activated under N2 flow at 140°C 

to remove any previously adsorbed molecules using the oven. The concentration of the 

contaminant in the inlet flow (C0) was measured by a bypass of the column. The column was 

made by filling a glass tube of 4 mm internal diameter with an 8-cm height of nanoporous 

material, corresponding to around 500 mg of adsorbate, depending on the density of the 

powder. Breakthrough experiments were performed at atmospheric pressure and a constant 

temperature of 20°C controlled by a heated bath. Two conditions were studied: dry and wet. 

For dry conditions, a 200 mL min⁻¹ flow of N2 (contact time τ = 0.3 sec) containing 1000 ppm 

of the adsorbate (corresponding to 8.89 × 10⁻⁶ mol min⁻¹ of BTX) was achieved by a GasMix™ 

(Alytech) gas diluter apparatus, designed as VOC FEED, LIQMIX in the scheme S1. The 

adsorbate concentration of the outlet flow (C) was evaluated using an FTIR detector. For the 

quantitative measurements of toluene, the classical least squares technique was used with an 
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FTIR Nicolet iS20 spectrometer. Before every measurement, a background scan was 

performed. For toluene quantitative analyses, and to avoid taking into account the water bands 

in the spectra, the region used was between 2688.16 and 3211.62 cm-1 (Figure S2). The toluene 

calibration curve was obtained using toluene concentrations between 20 and 1045 ppm, 12 

spectra were used for the calibration and 11 spectra for validation (Figure S3). In order to obtain 

toluene concentrations in mol min-1, the following equation was used (Equation 2): 

Equation 2  [𝐶𝐶] =  
[𝑝𝑝𝑝𝑝𝑝𝑝]× 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 

𝑉𝑉𝑀𝑀 ×𝐶𝐶0
[𝑝𝑝𝑝𝑝𝑝𝑝]0

 

 

Experiments under wet conditions were conducted under a high relative humidity (RH) 

corresponding to a humid climate (i.e. = 70%). For these experiments, a flow containing water 

vapor, obtained by bubbling N2 gas in water, was mixed with the flow from the GasMix™ 

diluter containing the adsorbate. The final concentration was set to 1000 ppm. Considering the 

water vapor pressure at 20°C (2.33 kPa), the resulting final water vapor pressure at 70% RH 

was 1.63 kPa. 

After the adsorption step was completed, desorption measurements were carried out to 

determine how strongly the adsorbates were trapped within the porous solids. The column was 

heated gradually under N2 (200 mL min-1) at temperatures gradually raised from 50°C to 

150°C, with three plateaus at 50, 100 and 150°C.  

In order to compare the different quantities of molecules adsorbed, every breakthrough 

graph is presented for 1 gram of dried adsorbent.   
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III. RESULTS 

III.1) Static adsorption/desorption of BTX and water 

The textural and structural characterizations of ZIF-7 and ZIF-8 are presented and 

discussed in supporting information (S4). 

As anticipated for the highly hydrophobic ZIF-7 and ZIF-8, no water adsorption is 

observed across the entire range of RH (0<P/P0<1) (Figure S5a). In contrast, activated carbon 

(AC) exhibits distinct adsorption behavior. Whereas no water adsorption is detected for RH 

below 50%, AC adsorbs water at a threshold of 55%. At 70% RH, AC adsorbs 21 mmol g⁻¹ of 

water, with its total water adsorption capacity reaching 31 mmol g⁻¹. The desorption branch for 

AC does not match the adsorption branch, resulting in a hysteresis loop with a triangular-like 

shape. A desorption observed at 0.5 P/P0 is attributed to the evaporation of unstable water 

condensate from the mesoporous pores.42  

Static adsorption isotherms of benzene, toluene and p-xylene were performed at three 

different temperatures on ZIF-7 and ZIF-8. For comparison, toluene isotherms on AC are 

presented in Figure S5b, showing a decrease in the total adsorbed amount of toluene. Between 

4.5 and 5 mmol g-1 of toluene are adsorbed depending on the temperature. 

Isotherms of BTX adsorption on ZIF-7 are presented in Figures 1a-c. The shape of the 

isotherm is independent of the adsorbate, and the desorption branch differs from the adsorption 

branch. This can indicate high material flexibility. The hysteresis is related to the stabilization 

of the structure with the adsorption of BTX, and more energy is needed to desorb the adsorbate. 

The thermodynamic equilibrium was verified by performing BTX adsorption isotherms at three 

different temperatures and applying Polanyi’s adsorption potential theory. As shown in Figures 
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1d-f, thermodynamic equilibrium is nearly achieved for all BTX compounds adsorbed on ZIF-

7, as evidenced by the superposition of the three resulting Polanyi curves.  

For all three adsorbate molecules on ZIF-7, a phase transition from the narrow pores 

(phase II) to the large pores (phase I) is observed from the isotherms. Nevertheless, and 

depending on the aromatic adsorbate, the phase transition is obtained at different temperatures. 

At relatively low concentrations, approximately five to six molecules per SOD cage can be 

adsorbed when ZIF-7 features phase II pores. For the less bulky benzene, an increase in 

adsorbate concentration triggers the transition to phase I pores, allowing the adsorption of 

around 17 benzene molecules per cage at both 20 and 40°C (Figure 1a). In the case of toluene, 

around 17 molecules per SOD cage are absorbed at 40°C. In contrast, at 20°C, fewer molecules 

are adsorbed, likely because the phase II to phase I transition is easier at higher temperatures. 

The bulkier p-xylene molecule induces a phase II to phase I transition only at the highest 

temperature (40°C), leading to the adsorption of around 15 molecules. Polanyi’s adsorption 

potential curves seem to indicate that equilibrium is not fully achieved at 20°C for the highest 

relative pressures (P/P0 > 0.7). Compared to other adsorbates studied, fewer p-xylene 

molecules are adsorbed (three to four molecules per SOD cage for phase II, and 15 molecules 

for phase I). We can propose that the presence of methyl substituents on the aromatic ring limits 

the π-π stacking between the guest molecules and the aromatic ring of ZIF-7, the limiting effect 

of two substituents (p-xylene) being more pronounced than for one substituent (toluene). 

Hence, we can suggest that the ability of guest molecules to pack into the narrow pore phase 

contributes to the phase transition to the large-pore phase. When fewer guest molecules are 

packed in, which is typically the case for p-xylene, additional thermal energy is required to 

open the structure.  
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It is possible to determine the expected adsorption capacity at a given temperature from 

isotherm data. Table 1 presents the adsorption capacities of the different materials at a 

concentration of 1000 ppm (0.1 kPa). 

 

Figure 1. Benzene (a), toluene (b) and p-xylene (c) physisorption isotherms over ZIF-7 at 

different temperatures, accompanied by the corresponding Polanyi adsorption potential 

a.

b.

c.

d.

e.

f.
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theory plots (d, e, f). To guide the reader, the three last dots of the isotherm and of the 

resulting Polanyi plot obtained from p-xylene at 20°C have been enlarged. 

 

Table 1. Adsorption capacities of different adsorbents for BTX at different 
temperatures at 0.1 kPa (1000 ppm). 

 

Method Adsorbate T (°C) Adsorption capacity (mmol g-1) 
TA80 ZIF-7 ZIF-8 

Static Benzene 20 
40 
60 

/ 
/ 
/ 

0.50 
0.30 
0.12 

0.11 
0.03 

<0.04 
 Toluene 20 

40 
60 

4.4 
4.0 
3.2 

0.55 
0.30 
<0.2 

0.65 
0.75 
0.17 

 p-Xylene 20 
40 
60 

/ 
/ 
/ 

0.25 
0.37 
0.17 

0.75 
1.3 
1.1 

Dynamic Toluene 20 4.3 0.8 1.5 

 

Surprisingly, and in contrast to ZIF-7, an increase in temperature results in higher 

adsorption capacities for ZIF-8 for toluene and xylene, in contradiction with thermodynamic 

principles (Figure 2b-c). Application of Polanyi's adsorption potential theory confirms that 

thermodynamic equilibrium is not achieved at low pressure despite the strict equilibrium 

criteria established in the measurement protocol (Figure 2e-f). For adsorption potentials of 

about -5.000, adsorption branches for 40 and 60°C match for toluene and p-xylene, indicating 

that equilibrium has been achieved for these measurements. This condition corresponds to 

relative pressure windows of 0.2-0.95 and 0.15-0.95 for toluene and p-xylene, respectively, for 

which saturation is achieved. At 60°C, when the isotherm most closely approaches saturation 

(P/P0 = 0.4), six molecules of toluene and p-xylene per SOD cage are adsorbed, followed by a 

plateau. Similar conclusions can be drawn for benzene (Figure 2a), for which around seven 

molecules are adsorbed. The lower number of adsorbates in the SOD cage of ZIF-8 with toluene 
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and p-xylene can be attributed to the larger size of substituted aromatics and their lesser ability 

to pack into the SOD cavity.  

In contrast to the ZIF-7 isotherms, for which the desorption branches monotonously 

decrease with the relative pressure, irrespective of adsorbates, the desorption branches for ZIF-

8 are rather flat. This is particularly the case for isotherms at 20°C, for which desorption can 

hardly be detected until P/P0 = 0.05, which corresponds to the measurement limits of the 

instrument. The fact that benzene, toluene and p-xylene can hardly desorb at low vapor pressure 

(between 2 and 9% desorbed for P/P0 = 0.1) indicates a strong stabilization of the adsorbates 

in ZIF-8 SOD cavities. 

Co-adsorption of adsorbates is not possible using static conditions in standard 

equipments. Dynamic adsorption experiments allow co-feeding to study the impact of relative 

humidity on BTX adsorption. Furthermore, the desorption of the pollutant can be followed at 

different temperatures and atmospheric pressure. 
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Figure 2. Benzene (a), toluene (b) and p-xylene (c) physisorption isotherms over ZIF-8 at 

different temperatures, accompanied by the resulting Polanyi adsorption potential theory 

plots (d, e, f). 

 

 

f.
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III.2) Dynamic adsorption/desorption of toluene with 70% relative 

humidity 

To mimic relevant adsorption processes, breakthrough experiments were conducted at 

20°C under wet streams (RH = 70%, approximating ambient RH) containing 1000 ppm of 

toluene. This concentration can be related to the value obtained from static isotherms at 

0.1 kPa. Very distinct adsorption profiles were observed depending on the adsorbent (Figure 

3). As shown in Figure 3a, toluene adsorption on activated carbon (AC) occurs in three distinct 

phases: i) during the first 8 h g-1 both water and toluene are adsorbed, which is consistent with 

the static isotherms described previously. Indeed, at a relative humidity of 70%, AC adsorbs 

around 21 mmol g-1 of water according to the isotherm. Then, ii) after 9 h g⁻¹, water molecules 

begin to desorb (roll-up) while toluene continues to be adsorbed. In contrast to the experiment 

without RH, where the breakthrough profile exhibits a perfect S-shape (Figure S6), diffusional 

constraints emerge toward the end of toluene adsorption (t ≈ 15 h g⁻¹), likely due to the presence 

of water molecules impeding the adsorption process. Finally, iii) after 28 h g⁻¹, adsorption 

ceases for both water and toluene. Integration of the curves makes it possible to calculate that 

4.3 mmol g⁻¹ of toluene is adsorbed (Table 1), while the quantity of remaining water molecules 

is 1.3 mmol g⁻¹.  

The adsorption profiles of ZIF-7 and ZIF-8 are rather similar but differ significantly 

from that of AC. As expected, no water adsorption occurs on either ZIF material, resulting in 

an immediate water breakthrough for both of the ZIFs (Figures 3b, c). Regarding toluene 

adsorption, the curved profile of the C/C(0) (t) plots clearly indicates major diffusional 

constraints for both ZIF-7 and ZIF-8. Nevertheless, a notable difference between the two ZIFs 

was evidenced for the equilibrium time. For ZIF-7, the adsorption process lasts approximately 

16 h g⁻¹, while for ZIF-8, the adsorption time is more than three times longer. At a concentration 



18 
 

of 1000 ppm, at least 50 h g⁻¹ is required to reach thermodynamic equilibrium. This extended 

equilibration time for ZIF-8 in dynamic conditions is in line with the observation that 

equilibrium was rarely achieved during the adsorption isotherm measurements. The final 

adsorption capacities of ZIF-7 and ZIF-8 for toluene respectively equal 0.8 mmol g⁻¹ and 1.5 

mmol g⁻¹ (Table 1), which highlights that the adsorption capacity of ZIF-8 is nearly double that 

of ZIF-7.  

As far as ZIF-7 is concerned, for a concentration of 1000 ppm (0.1 kPa), the phase 

transition from narrow phase II pores to large phase I pores does not occur, and 3.0 molecules 

of toluene per SOD cage are adsorbed. This value only slightly differs from the result obtained 

from the static experiment, with 2.2 molecules of toluene adsorbed per SOD cage. On the 

contrary, the values obtained for ZIF-8 highly differ: 4.1 molecules per SOD cage are adsorbed 

during the breakthrough experiment, which is more than twice as high as the 1.8 molecules 

adsorbed during the static experiment. ZIF-8 allows the adsorption of 37% more toluene 

molecules per SOD cage in comparison with ZIF-7. 
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Figure 3. Breakthrough profiles of toluene (1000 ppm) at 20°C on AC (a), ZIF-7 (b) and 

ZIF-8 (c) in the presence of water (RH = 70%) with a total flow rate of 200 mL min-1. Green 

represents the toluene adsorption, blue the water adsorption, and orange the water desorption. 

Bed of the adsorbent = 8 cm height. *Time is reported for 1 gram of adsorbent. 

① ③②

a.

b.

c.
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Desorption profiles were recorded by heating the column at different temperatures 

under inert flow after the adsorption experiments to simulate the regeneration of the adsorbents 

(Figure 4). The results reveal distinct desorption behaviors for each material. AC undergoes 

relatively little desorption at ambient temperature. Nevertheless, an increase in temperature to 

40 and 50°C leads to higher toluene desorption, with 2.4 mmol g⁻¹ of toluene desorbed at 

temperatures ≤ 50°C, representing 55% of the initial adsorption. Complete regeneration of AC 

requires a temperature of 150°C. At 100°C, 1.03 mmol g⁻¹ (or 25%) of the toluene remains 

within the porous system. In contrast, ZIF-7 exhibits predominantly weak interactions, as 

evidenced by the desorption of 93% (0.7 mmol g⁻¹) of the adsorbed toluene at 40°C, with 

complete regeneration achieved at 100°C. ZIF-8 results are very different. In contrast to ZIF-7 

and AC, which desorb toluene at low temperatures, only 14% of the toluene (0.2 mmol g⁻¹) is 

desorbed at temperatures up to 50°C for ZIF-8, while an increase of temperature to 100°C 

allows for the desorption of over 70% of the remaining toluene. Complete regeneration of ZIF-

8 requires a temperature of 150°C to remove the remaining aromatic molecules.  

After this first adsorption/desorption cycle, another partial adsorption experiment was 

performed, and no changes in the breakthrough curve were detected, confirming that the 

adsorbent can be reused without modification of its adsorption capacity (Figure S7). 
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Figure 4. Desorption profiles at different temperatures of toluene previously adsorbed on AC (a), 

ZIF-7 (b) and ZIF-8 (c) using a dry flow (no toluene and no RH) of 200 mL min-1. Bed of the 

adsorbent = 8 cm height. *Time is reported for 1 gram of adsorbent. 

b.

c.
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IV. DISCUSSION 

 

The desorption profiles reveal distinct interactions between toluene and the three 

studied adsorbents (ZIF-7, ZIF-8 and AC). The adsorption and desorption of VOCs on AC 

have been extensively documented in the literature, with two primary parameters governing 

the sorption process: i) surface chemical functionalization and ii) pore size distribution.26,43,44 

Additional factors such as bulk density also influence sorption properties. Regarding surface 

functionalization, the presence of O- and N-functional groups (e.g., carboxyl, hydroxyl, amide, 

amine) may facilitate adsorption. O-functionalized groups are particularly crucial for the 

adsorption of hydrophilic adsorbates. Conversely, these groups can inhibit interactions between 

hydrophobic adsorbates and π-electron regions of the AC.45 The influence of pore size is 

predominantly characterized by the presence of narrow micropores (< 7 Å), which dominate 

VOC adsorption and serve as a more reliable indicator of adsorption capacity. While mesopores 

facilitate faster adsorbate diffusion within the porous system, optimal adsorption occurs when 

the pore size closely matches the adsorbate size. The AC used as a reference in this study lacks 

N-functional groups but contains 2% oxygen, resulting in hydrophilic groups that enable water 

adsorption in the form of isolated water clusters. The primary pore size distribution, modeled 

using the Grand Canonical Monte Carlo (GCMC) technique for CO2 adsorption at 298 K, is 

centered around 6 Å, with AC also exhibiting larger micropores (Figure S8). This broad pore 

size distribution explains the wide range of temperatures required for complete toluene 

desorption. 

For ZIF-7, weak interactions between the adsorbate and adsorbent are evidenced, as a 

significant quantity of molecules desorb at low temperatures. At low concentrations, typically 

1000 ppm (P/P0 = 0.037), toluene adsorption occurs in the six-membered ring cavities of ZIF-

7 in the phase II (narrow pore, np) configuration. Isotherm data at this concentration indicate 
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the adsorption of only two molecules per SOD cage, thus suggesting that the phase transition 

to phase I (large pore, lp) has not yet occurred. The adsorption process is reversible for low 

concentrations, as shown by the desorption branch almost superposing the adsorption branch. 

With only two out of a possible 15 molecules adsorbed per cage, confinement effects are 

minimal, facilitating easy desorption of the molecules. A temperature of 50°C is sufficient to 

initiate significant desorption, while heating to 100°C results in the complete desorption of all 

adsorbed toluene molecules.  

Conversely, when adsorbing toluene in ZIF-8, minimal desorption occurs at 

temperatures up to 50°C in the column flushed by N2, indicating strong interactions between 

the MOF and the aromatic adsorbate. This result is consistent with the flat desorption branch 

observed in the isotherm measurements. To complete the adsorption mechanism picture, 

experiments were conducted using cyclohexane, a non-aromatic molecule with a similar kinetic 

diameter of 6 Å, with static experiments revealing no adsorption of cyclohexane (Figure S9a). 

While this lack of adsorption could be attributed to an unreached thermodynamic equilibrium, 

dynamic experiments using a column confirmed that cyclohexane is not adsorbed on ZIF-8, 

resulting in an instantaneous breakthrough (Figure S9b). These findings are consistent with 

those of Jansen et al., who observed cyclohexane adsorption only at high relative pressures, 

likely due to interparticle adsorption in nanocrystals.46 Furthermore, bulky molecules such as 

o-xylene and mesitylene (kinetic diameters of 6.8 and 7.6 Å, respectively) can also be adsorbed 

on ZIF-8, albeit with extremely long equilibration times due to diffusional constraints.47 These 

diffusional constraints are confirmed by modeling the adsorption of various adsorbates with 

molecular diameters up to 7 Å.48,49 Consequently, the mechanism governing toluene adsorption 

on ZIF-8 is not related to molecular sieving, suggesting that an alternative adsorption 

mechanism governs the adsorption phenomena. 
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Concurrently, π-π stacking interactions between aromatic adsorbates and adsorbents 

during the adsorption process have been widely demonstrated in various systems, including 

benzene on the family of MOF-550 and IRMOFs,51 and p-arsanilic acid on MIL-68 and UiO-

66.52,53  

As already mentioned, ZIF-8 is renowned for its gate-opening mechanism involving 

the rotation of the imidazolate linkers.32,54 Kolokolov et al. proposed that this rotational motion 

can be induced by the presence of guest molecules near the six-membered ring windows, 

facilitating the diffusion of molecules with kinetic diameters larger than 5 Å,55 such as toluene. 

Further investigations by Ueda et al. revealed that a flip angle of 17.6° results in the maximum 

opening diameter of the six-membered ring windows.56 

Regarding toluene adsorption on ZIF-8, we propose that π-π stacking interactions, 

primarily governed by van der Waals forces,57 play a crucial role. These interactions between 

the guest molecule and the framework facilitate the rotation of the 2-methylimidazole linker, 

enabling the entry of the adsorbate molecule into the sodalite cages of ZIF-8 and its subsequent 

diffusion within the MOF. The equilibrium times are expected to be relatively long, as only 

specific rotational angles of the linkers allow the diffusion of bulky molecules into the SOD 

cages.58 Furthermore, increasing the BTX loading of the SOD cages may slow down diffusion 

as a result of beneficial guest-guest interactions in the cages, as recently proposed by Schmidt 

et al. for ethane in ZIF-8.59 Consequently, the diffusion of aromatic molecules in ZIF-8 can be 

described by a local dynamic motion mechanism characterized by two aspects: i) a diffusion-

controlled mechanism, requiring the overcoming of the high energy barrier to cross the narrow 

six-membered ring, and ii) a thermodynamically-driven mechanism, in which the host-guest 

interactions limit the rotation of the linker and hence increase the energy barrier. Conversely, 

the desorption of aromatic molecules is energy demanding due to the narrow apertures of the 
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six-membered ring windows and the guest-host interaction induced by π-π stacking interactions 

between aromatic compounds and the MOF.  
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V. CONCLUSION 

Adsorption and desorption of BTX compounds over different ZIFs were investigated using 

the static method, and breakthrough experiments were performed using toluene as the 

adsorbate. The results have been compared to those obtained for commercial AC. To mimic 

relevant adsorption conditions, dynamic experiments were also conducted under humid 

conditions (70% RH). ZIF-7 demonstrated a remarkable ability to desorb over 90% of toluene 

at temperatures as low as 40°C. From an industrial perspective, this low desorption temperature 

poses a risk, as high concentrations of CMR (carcinogenic, mutagenic and reprotoxic) 

compounds would be released upon exposure to a moderate heat source such as solar radiation. 

In contrast, while commercial AC can adsorb higher concentrations of pollutants, its adsorption 

capacity is negatively affected by an amount of water vapor corresponding to a typical indoor 

relative humidity level. Additionally, AC desorbs a significant amount of BTX at ambient 

temperatures (approximately 50%), corresponding to several millimoles per gram. ZIF-8 

presents an attractive alternative to AC because its adsorption of BTX is not influenced by 

moisture. Importantly, no significant desorption of BTX occurs at temperatures below 50°C, 

which is a crucial criterion for indoor air-treatment applications. When exposed to higher 

temperatures, ZIF-8 exhibits excellent regeneration characteristics, with only 11% of the 

adsorbed molecules remaining after a desorption carried out at 100°C. We propose here that 

the local mobility of the linker triggered (off) by guest-host interactions is responsible for the 

difficult desorption of toluene from ZIF-8. The publication of recent articles addressing the 

scalable and greener synthesis of ZIF-8 suggests that the use of ZIF-8 as an adsorbent for BTX 

pollutants will be highly feasible in the coming years. Due to its high retention capacity for 

aromatic molecules at moderate temperatures, it is even possible to envision ZIF-8 replacing 

activated carbon for this application.
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