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ARTICLE INFO ABSTRACT

Keywords: The zeolitic imidazolate framework-67 (ZIF-67) has been explored for the dynamic adsorption of
MOF toluene vapor. We synthesized ZIF-67 through a straightforward room-temperature process and
ZIF-67 characterized it using XRD, FT-IR, DLS, and SEM techniques. The synthesized ZIF-67 possessed a
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Brunauer-Emmett-Teller (BET) surface area of 1578.7 m?/g and 0.76 um particle size. Thermal
activation under various conditions revealed that ZIF-67, activated in dry air at 250 °C,
demonstrated optimal adsorption efficacy. Its adsorption capacity, time of breakthrough, and
time of equilibration were 414.5 mg/g, 420 min, and 795 min, respectively. We investigated the
impact of diverse operational parameters on adsorption through breakthrough curve analysis. An
increase in the toluene concentration from 100 to 1000 ppm enhanced the adsorption capacity
from 171 to 414 mg/g, while breakthrough time decreased from 1260 min to 462 min,
respectively.

Our findings show that increasing relative humidity from 0 to 70 % reduced 53.7 % in
adsorption capacity and 46.3 % in breakthrough time. The competitive adsorption of toluene and
ethylbenzene revealed that ZIF-67 had a higher selectivity for toluene adsorption. A 98 % ad-
sorbent’s regeneration efficiency at the first cycle reveals its reusability. The experimental data
were successfully fitted to the Yan, Thomas, and Yoon-Nelson models to describe the adsorption
process. The statistical validation of the model parameters confirms their reliability for estimating
adsorption parameters, thus facilitating the design of fixed-bed adsorption columns for practical
applications.

1. Introduction

The escalating air pollution problem is a pressing global issue, with the emission of Volatile Organic Compounds (VOCs) identified
as a major contributor to indoor and outdoor air quality degradation [1]. VOCs originate primarily from anthropogenic activities and
have been consistently released into the environment over the course of several decades [2]. Chemical process industries (CPI) are
significant sources of VOCs, releasing compounds such as toluene, xylene, di-methyl chloride (DMC), methanol, and isopropyl alcohol
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during the handling, storage, and distribution of various chemicals [3]. The environmental impact of these VOCs is profound,
adversely affecting human health and contributing to atmospheric changes that lead to issues like the greenhouse effect, photo-
chemical smog, and stratospheric ozone depletion [4]. Additionally, the interaction between atmospheric nitrogen oxides (NOx) and
VOCs plays a key role in forming tropospheric ozone, a critical pollutant [3,5].

The subgroup of VOCs known as BTEX (benzene, toluene, ethylbenzene, and m/p/o-xylene) is especially prevalent in emissions and
is derived from petroleum products and industrial solvents used in the manufacture of paints, rubber, and adhesives [6-8]. These
compounds have been designated as hazardous air pollutants (HAPs) by the US EPA [7] and the International Agency for Research on
Cancer (IARC) has categorized them according to their carcinogenicity [7].

To mitigate VOC emissions, control techniques are deployed, which are bifurcated into destruction and recovery methods [9].
Destruction methods aim to decompose VOCs into harmless or less harmful compounds, whereas recovery methods, like adsorption,
focus on reclaiming valuable VOCs and reducing carbon emissions [7]. Among these, adsorption stands out for its high efficiency,
cost-effectiveness, and low energy consumption, making it a favorable option for VOC abatement, particularly at low concentrations
[10].

Adsorption relies on the specific surface area (SSA) of materials, which is indicative of the availability of active adsorption sites and
is a key factor in adsorptive performance [11]. Additionally, pore size distribution and surface functionality also play significant roles.
Various materials, including activated carbon, zeolites, and metal-organic frameworks (MOFs), have been employed as VOC adsor-
bents [7].

MOFs, in particular, offer a unique combination of metal ion clusters and organic linkers that form highly porous structures, leading
to materials with exceptional SSA and chemical functionality [12]. These characteristics and thermal and chemical stability have made
MOFs a focal point in research and practical applications [13-15]. The exceptional properties of MOFs have attracted considerable
attention in recent years for their application as adsorbents for organic and inorganic contaminants in aquatic environments [16-19].

Recent advancements in VOC adsorption techniques have seen significant contributions from researchers exploring the efficacy of
metal-organic frameworks. Notably, studies have highlighted using MOF-199-based coatings on solid-phase microextraction (SPME)
fibers to enhance the capture and analysis of VOCs from air samples. This innovative approach leverages the high surface area and
selectivity of MOF-199 for efficient sampling and pre-concentration, as detailed in the 2023 study [20]. A 2021 publication introduced
anovel in situ solvothermal synthesis of MOF-199 coatings on SPME fibers, marking an improvement in the robustness and adsorption
performance of the fibers [21].

Furthermore, a comprehensive review in 2022 outlined the various preparation methods and diverse applications of MOF-based
SPME coatings, affirming their effectiveness across a spectrum of VOCs. These studies collectively underscore the potential of
MOFs as a transformative technology in environmental monitoring and highlight the ongoing evolution of methods for pollution
control [22].

Zeolitic imidazolate frameworks (ZIFs) stand out within the MOF family due to their zeolite-like structures and MOF properties,
offering high surface areas and stability [23-27]. ZIF-67, a cobalt-based ZIF with a sodalite topology, has demonstrated a significant
adsorption potential, with a high SSA and an array of active sites for molecular adsorption [26,28].

Although ZIF-67 has been studied for removing pollutants from aqueous solutions [28-30], its application for adsorbing VOCs from
air is less explored. Noteworthy studies include the work by H.S. Jhinjer et al. on ZIF-67 functionalized fabrics [31], Vellingiri et al.’s
toluene adsorption capacity study [32], and Bian et al.’s formaldehyde removal investigation [33].

The efficiency of adsorption processes, particularly in fixed-bed columns, is often assessed by analyzing breakthrough curves,
which provide crucial data for determining the operational parameters of adsorption systems [34-36]. The adsorption and removal of
toluene from high-concentration air phases holds immense environmental and health implications. Researchers in this field are eagerly
seeking any ideas that could contribute to resolving this issue. The identification of innovative materials for toluene absorption,
filtration, removal, and decomposition can be considered a proactive measure towards regulating its concentration. It is essential to
investigate and determine the adsorption capacity of toluene on the adsorbing materials to demonstrate the efficacy of these materials
in reducing pollutant concentration and minimizing their impact on human health. Activated carbo [37], Zeolite [38], ZIF-8 [39],
UiO-66(NH2) [40], UiO-66 [41], MIL-101(Fe), MOF-5 [32], and MOF-177 [42] have been investigated as toluene adsorbents, but the
adsorption behavior of ZIF-67 as a toluene adsorbent has yet to be investigated.

This study specifically focuses on the application of ZIF-67 in toluene adsorption. Furthermore, this study presents a comprehensive
examination of the characterization, performance, and modeling insights regarding the process of toluene adsorption. The method-
ology section includes the preparation and thermal activation of ZIF-67, followed by investigations of its structural, morphological,
and surface properties. Therefore, this study aims to extend the application domain of ZIF-67 to the gas phase by evaluating its
effectiveness in a fixed-bed column setup for toluene removal.

2. Material and methods
2.1. Sample preparation

Cobalt nitrate hexahydrate (Co (NOs)2:6H20 99.9 %), 2-Methylimidazole (C4H6N2 99 %), Methanol (CH30H) and Ethanol
(C2H50H) were supplied from Sigma Aldrich. All the aforementioned materials were of analytical grade and were used without any
additional treatment.

A two-solution approach was adopted for the synthesis of ZIF-67. Initially, 1.65 g of 2-methylimidazole was dissolved in a 100-mL
solvent mixture of methanol and water (1:1 v/v) with continuous stirring to form the organic ligand solution. Separately, the metal
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solution was prepared by dissolving 0.7 g of cobalt nitrate hexahydrate in the same solvent mixture. The metal solution was then
gradually introduced to the ligand solution, stirring for 10 min at room temperature and atmospheric pressure. The reaction mixture
was left to age at room temperature for 24 h, forming purple-colored precipitates, which were harvested by centrifugation at 8000 rpm
for 10 min. The centrifuged product underwent quintuple washing with 60 mL of absolute ethanol and subsequent centrifugation. The
final product was then oven-dried at 60 °C for an extended period [43].

2.2. Characterization

X-ray diffraction (XRD) analysis was performed to ascertain the crystal structure and purity of the ZIF-67 samples. A D8 Advance
(Bruker, Germany) diffractometer equipped with Cu Ka radiation was utilized, scanning between 5° and 40° 20 at a rate of 2° per
minute and a step increment of 0.02°. Fourier transform infrared (FTIR) spectroscopy was conducted on a PerkinElmer-Spectrum RXI
(PerkinElmer, USA) to record the vibrational spectra across a range of 4000-400 em™ L

Scanning electron microscopy (SEM) provided insights into the size and morphology of the synthesized particles. A CamScan MV
2300 (CamScan, Canada) operated at 20 kV was employed, and samples were prepared on conductive adhesive tape with a sputtered
gold layer to minimize charging effects.

Particle size distribution was determined through Dynamic Light Scattering (DLS) using a Horiba LB-550 (Horiba, Japan). The
surface areas and pore volume were evaluated via nitrogen adsorption-desorption isotherms using a Belsorp Mini II (MicrotracBEL,
Japan). The standard Brunauer-Emmett-Teller (BET) equation derived the surface area, while the mesopore and micropore volumes
were calculated using the BJH and t-plot methods. Samples were degassed at 150 °C for 3 h under vacuum conditions before the
adsorption measurements.

2.3. Experimental setup

The evaluation of ZIF-67’s dynamic adsorption behavior was performed in a fixed bed column apparatus under atmospheric
pressure. The gas-phase toluene was generated via a controlled injection method. High-purity toluene (Merck, 99.99 %) was intro-
duced into a stream of nitrogen gas (99.999 %) to create a calibrated gaseous toluene mixture. A syringe pump (Chemyx Fusion 100,
USA) precisely controlled the toluene injection rate, while the nitrogen flow was regulated by a mass flow controller (Alicat MC-Series,
USA). This mixture was then allowed to equilibrate within a 25-mL mixing chamber before being introduced to the column.

The adsorption column, a quartz tube of 15 cm in length and 0.2 cm in internal diameter, was packed with a predetermined amount
of ZIF-67 and glass wool. Gas chromatography coupled with a flame ionization detector (GC-FID, Varian CP 3800) was utilized to
monitor the toluene concentration at the inlet and outlet of the column. The setup of the experimental apparatus is depicted in Fig. 1.

I S 15 l La[h” o
el
00 ]
16 —’
1- Nitrogen Cylinder 2- Pressure Regulator 3- Mass Flow Controller ~ 4- Three Way Valve
5- Dry Flow 6- Wet Flow 7- Thermostat 8- Thermocouple
9- Silicon O1l Bath 10- Distilled Water 11- Dilution Chamber 12- Syringe Pump
13- Glass Wool 14- Adsorbent Bed 15-GC 16- GC Workstation
—_/

Fig. 1. Schematic diagram of the continuous flow fixed bed reactor for toluene dynamic adsorption by ZIF-67.
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2.4. Adsorption parameters

The adsorption efficiency of ZIF-67 was determined by analyzing the breakthrough curves, which plot the relative concentration of
toluene vapor at the column’s inlet (Cp) and outlet (C) over time. The experimental conditions were meticulously controlled, including
the toluene concentration in the feed and the flow rates of the toluene injection (Qp, pL/hr) and the nitrogen diluent (Qq, L/min). These
parameters were set to pass through the column containing a known mass of ZIF-67 (mg). Breakthrough time (tp, min) and time to
reach adsorption equilibrium (t., min) were identified when the outlet concentration ratios reached 0.1 and 0.95, respectively, as
shown in Fig. 2(a).

The adsorption capacity (q, mg/g) was calculated by measuring the mass of toluene adsorbed (m,) per unit mass of adsorbent
during te, derived as follows:

g= QdCO (le _ l/r C.d,) (1)
m €0 Jo

This equation [1] infers that the adsorption capacity is proportional to the area under the breakthrough curve, representing the
concentration of adsorbed toluene (C,gs = Co—C) over time t, normalized by the mass of the adsorbent. The graphical representation of
the adsorption capacity is the area below the breakthrough curve up to the time te, as shown in Fig. 2 [44-46].

2.5. Thermal pretreatment of adsorbents

The influence of thermal pretreatment on ZIF-67’s adsorption capabilities was evaluated under various temperatures and atmo-
spheric conditions. For each trial, a 0.1 g sample of ZIF-67 was placed inside a quartz tube. A continuous flow of either dry air or pure
nitrogen at 0.02 L/min was then introduced through the tube. The samples were incrementally heated to target temperatures of 200 °C,
250 °C, and 300 °C in an air environment and 300 °C and 400 °C under a nitrogen atmosphere. These samples were denoted as ZIF-
674ir/200 °C, ZIF-67 4i1/250 °C, ZIF-67,4;:/300 °C, ZIF-67N2/300 °C, and ZIF-67y2/400 °C, respectively. Post-heating, the samples were
allowed to return to room temperature before their adsorption properties were assessed.

2.6. The effect of relative humidity (RH) on adsorption performance

To explore the impact of relative humidity on ZIF-67’s adsorption performance, RH was manipulated using an evaporation
technique. The carrier gas was passed over distilled water maintained at a fixed temperature, thus generating water vapor at a
consistent rate. A PID-regulated silicone oil bath controlled the temperature around a flask containing 20 mL of distilled water to attain
target RH levels (40 %, 60 %, and 80 %) in the effluent carrier gas. Toluene vapor was introduced into this humidified stream and
channeled through the pre-treated adsorbent bed to measure adsorption efficacy.
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Fig. 2. Determination of the adsorption parameters using the breakthrough curves (a) schematic of a breakthrough curve indicating the break-
through time t;, and the equilibrium time t.. (b) The surface indicating the complete mass of adsorbate in the influent gas m, during t. (c) the surface
indicating the complete mass of adsorbate in the effluent stream m, during t. (d) the surface indicating the complete mass of adsorbate taken up
during t..
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2.7. Mathematical modeling

In the design of adsorption column systems, accurately estimating parameters such as breakthrough time and adsorption capacity is
vital. Traditional experimental methods to evaluate these factors are often complex and resource-intensive. Alternatively, mathe-
matical modeling provides a feasible approach to predict adsorption behaviors. This study applied the Yoon-Nelson [47], Yan, and
Thomas models [48,49], which are recognized for their simplicity and lack of need for extensive adsorbent and adsorbate details or the
physical dimensions of the adsorption bed.

The mathematical expressions for the Yoon-Nelson, Yan, and Thomas models are as follows:

1 C
t=1+—-In——— 3
T+k Urowrs 3
C 1
621_7/*“ 4)
0
CoQt
C 1
&= (5)
0 1—exp<KT"TTm—KTCOI)

here, C and Cy represent the concentrations of the adsorbate in the effluent and influent (mg/mL), respectively; t is the operational time
(min); 7 is the time when C/Cy reaches 50 % (min); k' is the Yoon-Nelson rate constant (min~1); m is the adsorbent mass (8); Qs the
flow rate of the carrier gas (mL/min); Ay and K; are constants for the Yan and Thomas models, respectively; and qy and qr are the
estimated adsorption capacities (mg/g) by the Yan and Thomas models, respectively.

3. Results and discussion
3.1. Characterization

The crystalline integrity and structural purity of ZIF-67 were determined using X-ray diffraction (XRD), as depicted in Fig. 3. The
XRD patterns displayed distinct peaks at specific 26 values (7.35°, 10.40°, 12.75°, 14.73°, 16.48°, 22.18°, and 24.55°), congruent with
the simulated patterns of sodalite structures [28,50,51], confirming the formation of ZIF-67.

Fourier-transform infrared spectroscopy (FTIR) further elucidated the surface chemical interactions and bonding within the syn-
thesized ZIF-67, as shown in Fig. 3. Peaks corresponding to the 2-methylimidazole ligands matched previously reported spectra for ZIF-
67. The IR bands within the 600-1500 cm ™! region indicate the imidazole ring’s bending and stretching vibrations, while the band at
1584 cm ™! is linked to the C=N bond stretch in 2-methylimidazole [50]. The peaks at 2929 and 3135 cm ™! arise from the C-H and N-H
stretching vibrations, respectively [52], and the band at 431 em! is associated with the Co—N stretch [50].

The specific surface area and porosity characteristics of ZIF-67 were assessed through nitrogen gas adsorption-desorption isotherms
at 77 K, as presented in Fig. 4. The resulting isotherms are of type I, typical for microporous materials, with a BET surface area of
1578.7 m?/g and a total pore volume of 0.6 cm®/g.

Scanning electron microscopy (SEM) provided insights into the morphology of ZIF-67, as shown in Fig. 5. The SEM images revealed
uniformly shaped particles with rhombic dodecahedral forms. The particles measured in the micrometer range, with an average
diameter of approximately 2 pm and edge lengths around 700 nm.

Dynamic light scattering (DLS) was employed to determine the particle size distribution of ZIF-67, with the results displayed in a
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Fig. 3. As-synthesized and simulated XRD patterns of ZIF-67 (a) and FTIR spectra of the as-synthesized ZIF-67 (b).
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Fig. 5. SEM micrographs of ZIF-67 at (a) 10000 and (b) 50000 magnifications.

histogram in Fig. 6. The synthesis method yielded a range of particle sizes from 247 nm to 3.205 pm, with an average particle diameter
of 760.7 (£493.1) nm and a predominant distribution between 400 and 600 nm.

3.2. Activation

Activating as-synthesized MOF materials is imperative to remove entrapped guest molecules such as solvents, unreacted linkers or
cluster precursors, and modulators, thereby revealing the intrinsic porous structure for application purposes. Achieving the optimal
surface area and pore volume without compromising the MOF’s structural integrity requires careful activation methods tailored to the
interactions between the guest molecules and the MOF framework. Activation procedures commonly include thermal treatments, akin
to those used for carbon and zeolite adsorbents [53-56].

As detailed earlier, our study utilized a range of temperatures and atmospheres for pre-treatment, followed by an assessment of the
dynamic adsorption parameters of the cooled samples (Table 1). These parameters were derived from the toluene adsorption
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Fig. 6. Particle size distributions of as-synthesized ZIF-67 sample from DLS examination.
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Table 1
Dynamic adsorption parameters of ZIF-67 for toluene adsorption pretreated at various conditions.
Adsorbents adsorption capacities (mg/g) breakthrough time (min) equilibrium time (min) Total adsorption percentage  LUB value (cm)
As-synthesis ZIF-67 31.6 0 180 21.1 4
ZIF-67 i/200 °C 148.1 0 270 66.6 4
ZIF-67 pi/250 °C 414.5 420 795 77.7 1.88
ZIF-67 ir/300 °C 160.1 0 330 61.3 0
ZIF-67 N2/300 °C 82.6 0 210 53.6 0
ZIF-67y2/400 °C 258.7 225 375 33.5 1.6

breakthrough curves for ZIF-67 post-activation.

The breakthrough adsorption efficiency of ZIF-67 was evaluated using a continuous flow, fixed-bed reactor at atmospheric pres-
sure. For a standard adsorption test, 0.1 g of the thermally pretreated ZIF-67 was packed into a quartz tube, through which a carrier gas
stream containing 1000 ppmv of toluene was passed at 0.02 L/min at ambient temperature. Breakthrough curves, which plot the
normalized concentration (C/Cy) against time, elucidate the adsorption performance of ZIF-67 subjected to different activation
temperatures under air and nitrogen atmospheres, as depicted in Fig. 7(a) and (b). Notably, the adsorption efficiency of ZIF-67a;,
samples initially increases with pretreatment temperature up to 250 °C and then diminishes at 300 °C (Fig. 7(a)). Conversely, ZIF-67x2
samples show a marked improvement in adsorption efficiency with an increase in pretreatment temperature from 300 °C to 400 °C
(Fig. 7(b)).

Dynamic adsorption parameters are determined from the breakthrough curves, and the derived calculations are summarized in
Table 1. The adsorption capacities for ZIF-67 /250 °C and ZIF-67y2/300 °C were 414.5 mg/g and 258.7 mg/g, respectively. The
breakthrough occurred at 420 min for ZIF-67,;,/250 °C and 225 min for ZIF-67y2/300 °C, with adsorption equilibrium reaching 795
min and 375 min, respectively.

Thermogravimetric analyses (TGA) in previous investigations have established the thermal resilience of ZIF-67, identifying weight
losses around 350 °C possibly due to the release of entrapped molecules or unreacted species. Remarkably, ZIF-67 maintains structural
integrity up to approximately 500 °C before framework collapse, a threshold that surpasses many other MOF materials [28,43,57,58].

The adsorption efficacy is influenced by the interplay between the adsorbate and adsorbent, with the adsorbate’s polarizability
being a pivotal factor. X. Wang and colleagues estimated the binding energy of toluene to the adsorbent, revealing a predominant -1
stacking interaction [1].

MOFs, with their metal clusters and organic linkers, exhibit a blend of lipophilic traits [59,60]. Within the ZIF framework, 2-meth-
ylimidazole imparts a hydrophobic nature that facilitates the adsorption of organic molecules [60]. Specifically, aromatic VOCs like
toluene adsorption onto ZIF-67 is attributed to n-n interactions between toluene molecules and 2-methylimidazolate linkers. These
interactions are stronger than other interactions such as O-n and C-n found in VOC adsorption with zeolites and activated carbon [39,
59].

Table 2 compares the toluene adsorption capacities of ZIF-67 with other adsorbents. According to the data presented, ZIF-67
exhibits higher toluene adsorption capacities than ZIF-8, zeolites, silica gel, and activated carbons.

3.3. Impact of humidity on dynamic adsorption

Fig. 8 illustrates the toluene breakthrough curves on ZIF-67,4;;/250 °C under varying relative humidity (RH) levels of 30 %, 50 %,
and 70 %. Dynamic adsorption parameters, deduced from these curves, are detailed in Table 3. It was observed that an increase in RH
from 0 % to 70 % led to a substantial decrease in the adsorption characteristics of toluene, with reductions in adsorption capacity,
breakthrough time, and equilibrium time by approximately 53.7 %, 46.3 %, and 52.8 %, respectively.

The synthesis process of ZIF-67 inherently concludes with neutral imidazolate ligands coordinating with metal atoms (such as Co)
by donating their electron pairs to maintain charge neutrality. This coordination confers -N-H functional groups on the ZIF surfaces,
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Table 2
Comparison of the adsorption capacities of ZIF-67 and some other adsorbents for toluene.
Adsorbents Q (mg/g) Surface Aria BET (M2/g) Adsorption models Reference
ZIF-67 414.5 1578.7 Dynamic adsorption Present study
Carbonized- polydopamine (C-PDA) 1254.9 3291 Static adsorption [1]
ZIF-8 381.5 1305 Dynamic adsorption [39]
MOF-177 585 2970 Static adsorption [42]
Zeolite L 99.51 322 Static adsorption [38]
Activated carbon 176.91 1339 Static adsorption [37]
Cu-BTC@GO 259.83 1362.7 Static adsorption [61]
Silica gel 205 765.6 Dynamic adsorption [62]
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Fig. 8. Effect of operating parameters on breakthrough curves of toluene adsorption on ZIF-67 at (a) different concentrations and (b) different

relative humidity.

Table 3

Dynamic adsorption parameters of ZIF-67 for toluene adsorption at various relative humidity and concentrations.

Operating parameters adsorption capacities breakthrough time equilibrium time Total adsorption percentage ~ LUB
(mg/g) (min) (min) (%) value
Relative humidity (%) 30 353.8 300 750 62.2 2.4
50 271.4 240 540 70.5 2.22
70 222.5 214 420 74.3 1.96
Toluene concentration 100 171.5 1260 1920 80.7 1.38
(ppm) 500 381.9 690 1170 79.2 1.64
1000 414.5 462 795 77.7 1.68
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which are prone to hydrogen bonding with water vapor, leading to a monolayer of water on the ZIF surfaces. The FT-IR spectra further
corroborate this, where the absorption band at 3418 em! is indicative of hydrogen-bonded N-H stretching (Fig. 3(b)) [52]. At
elevated humidity levels, water molecules preferentially adsorb on the external surfaces of ZIF-67, thereby hindering toluene
adsorption within its internal pore structure.

3.4. Impact of toluene concentration on dynamic adsorption

The dynamic adsorption process is also affected by the concentration of toluene in the influent gas, as depicted in Fig. 8(b). ZIF-
67ir/250 °C exhibited adsorption capacities of 171.5 mg/g and 381.9 mg/g at toluene concentrations of 100 ppmv and 500 ppmv,
respectively, with corresponding breakthrough times of 1080 and 570 min. Consequently, an increased toluene concentration en-
hances the mass transfer rate to ZIF-67;,/250 °C.

3.5. Mathematical modeling

The adsorption behavior of toluene on ZIF-8,;/250 °C under various conditions was mathematically simulated using the Yan,
Thomas, and Yoon-Nelson models through non-linear regression, and the findings are presented in Fig. 9(a—f). The statistical pa-
rameters of the model fits are summarized in Table 3.

The correlation coefficients (R?) for the Yan, Thomas, and Yoon-Nelson models range from 0.998 to 0.989, 0.999 to 0.989, and
0.985 to 0.75, respectively, indicating a strong alignment of the experimental data with the proposed models.

The estimated adsorption capacities (qy and q) from the Yan and Thomas models align closely with the experimentally determined
capacities, as indicated by the comparison in Table 4. These values suggest that the models can reliably approximate the empirical
data.

Breakthrough times deduced from the models (Table 4) align well with the experimental data and do not exhibit significant
deviations.

These models have demonstrated their utility in predicting the dynamic adsorption parameters, thereby facilitating the design and
optimization of fixed-bed column adsorption systems for practical applications.

3.6. Adsorption- desorption cycle

In order to enhance the economic viability and attractiveness of the adsorption process for industrial applications, it is imperative
to assess the reusability of the spent (saturated) adsorbent following regeneration [63]. The regeneration process not only facilitates
the recovery of the saturated adsorbent for reuse, but also enables the extraction of a highly concentrated adsorbate as a value-added
product. Consequently, the regeneration of the adsorbent is pivotal in reducing the operational expenses associated with pollution
control systems. To ensure an effective regeneration of the adsorbent, the regeneration process must minimally impact its performance
[64]. ZIF-67 regeneration process was down at 200 °C and a 200 mL/min nitrogen flow rate. The effluent’s toluene concentration was
determined, and the regeneration efficiency was computed using the subsequent equation [64].

E (%):%* 100 ()

a

in this equation, m, is the mass of toluene desorbed (mg) during regeneration time, and m, is the mass of toluene adsorbed (mg) at
equilibrium time (t¢). Fig. 10 displays the regeneration experiment curves of ZIF-67 at a temperature of 200 °C.

The ZIF-67’s regeneration efficiency was 98 %, which reveals that toluene was successfully recovered and that the ZIF-67 can be
reusable. This high regeneration efficiency evidences that the primary mechanism responsible for toluene adsorption is physisorption.

3.7. Competitive adsorption of toluene and ethylbenzene on ZIF-67

The competitive adsorption of a mixture of toluene and ethylbenzene vapor was examined at a flow rate of 200 mL/min and a
concentration of 200 ppm for both analytes. Table 5 presents the adsorption parameters for both toluene and ethylbenzene.

Fig. 11 shows the breakthrough curves for toluene and ethylbenzene adsorption. The adsorption capacity for toluene was 218 mg/
g, while for ethylbenzene it was 143 mg/g.

Competitive absorption occurs as a result of the co-presence of VOC mixtures in the absorption process. VOCs with higher affinities
displace those with lower affinities. Several factors influence this process, including VOC polarity, molecular weight, and boiling point.
VOCs with higher boiling points and molecular weights have a greater tendency to occupy adsorption sites [65,66]. ZIF-67 is a hy-
drophobic and non-polar adsorbent that can adsorb non-polar compounds under competitive conditions. Therefore, toluene and
ethylbenzene compete in adsorption due to their non-polar properties. The results show that toluene has a higher adsorption capacity
in competitive adsorption, which can be attributed to its smaller size compared to ethylbenzene.

The ZIF-67 adsorbent is highly effective in absorbing various chemical compounds, including toluene. It offers several notable
advantages that make it an exceptional choice for this purpose. By incorporating the ZIF-67 adsorbent into the design of an adsorption
bed, it becomes possible to prevent the release of VOCs such as toluene into the environment. Toluene is known to have significant
adverse effects on human health, particularly in the airborne phase.
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Table 4
Comparison of statistical and adsorption parameters of the Yan, Thomas, and Yoon-Nelson models resulting from the fitting of experimental toluene
breakthrough curves adsorption on ZIF-67 4;;/250 °C.

Model Parameters Relative Humidity (%) Toluene Concentration (ppm)
30 50 70 100 500 1000
Yan Ay 4.7 6.4 5.82 11.77 8.96 9
qy 367.7 267.9 221.7 174.1 383.7 414.8
R’ 0.989 0.994 0.989 0.998 0.995 0.989
th 322 296 212 1320 720 478
Thomas K¢ 2.7 4.85 5.44 13.52 4.66 4.3
[ 376.4 271.6 225.3 174.7 385.9 417.2
R? 0.992 0.991 0.988 0.999 0.995 0.989
tp 300 282 200 1290 703 464
Yoon-Nelson Kk 0.013 0.014 0.023 0.0085 0.013 0.022
R? 0.822 0.985 0.922 0.973 0.75 0.84
tp 357 244 212 1330.8 746 510
Experimental q 353.8 271.4 222.5 171.5 381.9 414.5
tp 300 240 214 1260 690 462
3.50 1,
’é 3.00 1
S 250
K]
E 2.00 1
1.50 1§
1.00 1§
0.50 1
0.00 v 2 T y T T J
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Time(min)

Fig. 10. Regeneration curves of ZIF-67 at 200 °C.

Table 5
Comparative adsorption parameters of ZIF-67 for toluene and ethylbenzene.
Pollutant Adsorption capacity (mg/g)  Total adsorption percentage (%)  Time of breakthrough (min)  Time of equilibration (min) ~ LUB value
Toluene 218 20 90 200 2.2
Ethylbenzene 143 44 70 180 2.44
1.00

o
3

g

o
N
13

Concentration ratio (C/C0)
o
3

g

0 50 100 150 200 250
Time(min)
—0— Toluene —@— Etylebenzene

Fig. 11. Breakthrough cure of toluene and ethylbenzene co-adsorption on ZIF-67.
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4. Conclusion and future prospects

This investigation has successfully showcased the utility of ZIF-67 as an effective adsorbent for volatile organic compounds (VOCs),
focusing on its application within fixed-bed column systems for air purification. Furthermore, the study underscores the significance of
adsorption technology in managing air pollutants that are present at low concentrations and pose substantial toxicity risks. Through a
methodical approach, ZIF-67 was synthesized and characterized using various techniques. The BET surface area and total pore volume
of ZIF-67 were 1578.7 m?/g and 0.6 cm®/g, respectively. As-synthesized ZIF-67 subsequently underwent thermal activation in both the
air and nitrogen atmospheres. The comprehensive characterization of this material revealed its robust structure and suitability for VOC
adsorption, particularly toluene.

Among the tested conditions, the ZIF-674;/250 °C sample emerged as the most proficient, demonstrating superior adsorption
parameters. Its adsorption capacity, breakthrough time, and adsorption percentage were 414 mg/g, 420 min, and 77.7 %, respectively.

Operational factors such as relative humidity and toluene concentration were scrutinized to assess their impact on the performance
of ZIF-67. It was observed that increased humidity led to a pronounced decline in all adsorption parameters, attributable to water
molecules preferentially occupying active sites on the ZIF-67 surface. Therefore, increasing the RH from 30 % to 70 % decreases the
adsorption capacity from 353.8 mg/g to 222.5 mg/g. Conversely, a reduction in toluene concentration in the influent stream from
1000 to 100 ppm resulted in a 41 % decrease in adsorption capacity but extended to 37 % in breakthrough time, indicating a trade-off
between adsorption efficiency and duration of adsorbent performance. Therefore, The Yoon-Nelson, Yan, and Thomas models proved
to be effective tools for simulating breakthrough curves, providing valuable insights into the adsorption dynamics of ZIF-67. The
models’ statistical parameters closely mirrored the empirical data, suggesting their potential for predictive application in real-world
scenarios. The values of qy and qr, derived from the Yan and Thomas model at 1000 ppm toluene, were determined to be 414.8 and
417.8 mg/g, respectively. Notably, these values closely align with the experimentally obtained adsorption capacity of 414.5 mg/g. The
co-adsorption examination of toluene and ethylbenzene revealed a 65.6 % higher affinity of ZIF-67 for toluene adsorption. Addi-
tionally, a 98 % efficiency of the ZIF-67’s regeneration reveals the reusability of the adsorbent and the recoverability of the adsorbate.
While this study has laid a good foundation for the use of MOFs in VOC adsorption, several pathways for future research are identified:

1 Further research could explore the modification of MOFs with functional groups or composites to enhance their selectivity and
capacity for specific VOCs.

2 The long-term viability of MOFs as adsorbents would be better understood through studies focused on their regeneration efficiency
and the retention of adsorptive qualities over multiple cycles.

3 Life-cycle assessments of MOFs production and utilization could inform its environmental footprint and guide sustainable practices
in its application.

4 Investigating other activation methods, such as microwave, vacuum, or chemical activation, may uncover more energy-efficient or
effective ways to prepare MOFs for VOC adsorption.

5 The implementation of more sophisticated modelling techniques, including machine learning algorithms, could refine the pre-
diction of adsorption behaviors under varying operational conditions.

6 Expanding the range of VOCs tested with MOFs, especially those with different chemical properties, could help in developing a
more universal adsorbent material.

7 Field tests in real-world environments with fluctuating temperatures, humidity levels, and pollutant concentrations would validate
the laboratory findings and enhance the material’s readiness for commercial deployment.

By continuing to explore these avenues, the future of MOFs in VOC adsorption technology looks promising, potentially offering a
robust and efficient solution to a pressing environmental challenge.
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