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ABSTRACT
The present meta-analysis aimed to compare the adsorption capacity of metal–organic frameworks for the removal 
of volatile organic compounds in the gas phase. Based on the results of the 66 studies included in the meta-analysis, 
it can be inferred that a significant amount of research has been conducted in this area. MOFs are widely used for 
VOC removal due to their large specific surface area, high pore volume, and strong thermal resistance. This 2022 
systematic review and meta-analysis were conducted in accordance with the PRISMA checklist. Five electronic 
databases were searched for this review (Medline/PubMed, Embase, Scopus, ISI Web of Knowledge, and Google 
Scholar). The most frequently used MOF and VOC were NH₂-MIL-125 and toluene, respectively. The findings of 
the present study indicate that MOFs are among the emerging materials commonly used for the removal of volatile 
chemical substances. The adsorption capacity of MOFs for non-polar VOCs can be improved by enhancing their 
hydrophobicity and modifying their metal species and spatial configuration. In addition, the organic linkers in MOFs 
may exhibit favorable interactions with organic solvents. Therefore, MOFs can be considered promising materials for 
the adsorption and removal of VOC gases. Furthermore, adsorption capacity may be further improved by increasing 
the surface area.
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ABSTRACT 
Regarding significant number of the people affecting by factors, such as gas poisoning, microbial, and heat exhaustion 
in mineral hot spas, the present study was conducted aimed at providing a model for measuring and managing the risk 
of using hot mineral spas. In this research, a conceptual model of risk was prepared in four stages. Firstly, 16 qualitative 
parameters were extracted, their effect weight of which was obtained based on the amount of risk for users was 
determined by fuzzy analysis method. According to the amount and standard range allowed for each parameter, 
quantitative and qualitative risk categories were obtained in five ranges for each parameter based on the obtained 
weights and opinions of the health experts. Then, the final result regarding risk of using each spa was obtained by 
combining these parameters. For assessing risk of using hot mineral spas in Ardabil province by the method invented 
in this research, at first, water samples were collected from six spas in different parts of Ardabil province. Then, risk 
management of six spas was evaluated. According to the results, the Qotursuyi spa had a high level of risk, the spas 
of Shabil, Gavmishgoli, and Qinarjeh had a moderate level of risk. Under responsible risk management, natural hot 
springs present a renewable resource for sustainable tourism development on a long-term basis.  
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Scholar). The most frequently used MOF and VOC were NH₂-MIL-125 and toluene, respectively. The findings of 
the present study indicate that MOFs are among the emerging materials commonly used for the removal of volatile 
chemical substances. The adsorption capacity of MOFs for non-polar VOCs can be improved by enhancing their 
hydrophobicity and modifying their metal species and spatial configuration. In addition, the organic linkers in MOFs 
may exhibit favorable interactions with organic solvents. Therefore, MOFs can be considered promising materials for 
the adsorption and removal of VOC gases. Furthermore, adsorption capacity may be further improved by increasing 
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INTRODUCTION
Volatile organic compounds (VOCs) are a group 
of carbon-based chemicals with a saturated vapor 
pressure exceeding 133.3 Pa and a boiling point in 
the range of 50–260 °C at room temperature, which 
evaporate easily. When released into the atmosphere, 
VOCs readily react with various air pollutants due to 
their high reactivity. In the presence of sunlight, VOCs 
react with nitrogen oxides to form secondary organic 
aerosols and ozone precursors [1], contributing to the 
depletion of stratospheric ozone. Industrial activities 
such as pharmaceutical manufacturing, transportation, 
printing and packaging, interior decorating, and 
coal-fired power plants—are major sources of VOC 
emissions [2]. Urbanization and industrialization have 
significantly increased these emissions, highlighting 
the importance of VOC removal. Moreover, a meta-
analysis of previous studies evaluated the adsorption 
capacity of metal–organic frameworks (MOFs), 
given the serious environmental impacts associated 
with VOCs. In addition to their environmental harm, 
VOCs are toxic to human health. Various technologies 
including physical, chemical, and biological methods 
are employed to recover or destroy VOCs [3]. Among 
these, adsorption is widely recognized as an efficient 
method for VOC removal [4,5]. Numerous studies have 
explored the use of different adsorbents for removing 
volatile pollutants [6,7].

Metal–organic frameworks (MOFs) are emerging 
materials widely used for the removal of biological 
pollutants. They are constructed from metal ions 
or clusters and organic linkers. MOFs possess 
unique physical and chemical properties, including 
large specific surface areas, tunable pore sizes, 
homogeneously distributed active sites, and versatile 
functionality [8,9]. Furthermore, these porous 
materials—with their distinctive structural design and 
tunability—can be tailored for specific applications. 
Additionally, they serve as promising alternatives for 
overcoming many limitations associated with classical 
adsorbents [10–12]. As a result, significant research 
has focused on the efficient adsorption of VOCs using 
MOFs. For instance, Zhu et al. reported an enhanced 
hydrophobic MIL(Cr)-Z1 material with high adsorption 
capacity and selectivity for benzene-series VOCs by 
grafting naphthalene dicarboxylic acid as the ligand 
[13]. This MOF exhibited high adsorption capacity for 
polycyclic aromatic VOCs, particularly amines. Zhang 
et al. also found that modified UiO-66 demonstrated 
a higher gaseous toluene adsorption capacity than 
unmodified UiO-66 [14,15]. Additionally, Vellingiri et 

al. demonstrated that MOFs with –NH termination can 
be effectively used for toluene adsorption [16].

As mentioned above, studies have demonstrated the 
effectiveness of MOFs in removing VOCs. Numerous 
previous investigations have examined the adsorption 
of various VOC types by different MOFs, resulting in 
dispersed data regarding their performance. Therefore, 
the present study aimed to review the available literature 
on the effectiveness of various MOFs for VOC removal 
in the gas phase, in order to evaluate their efficiency in 
adsorptive applications. Moreover, the results of meta-
analyses from selected studies provided insight into 
the adsorption capacities of specific MOFs [17,18]. 
The findings of this study can assist researchers in 
identifying current limitations and addressing existing 
knowledge gaps.

MATERIALS AND METHODS
This 2022 systematic review and meta-analysis was 
conducted in accordance with the PRISMA checklist. 
Five electronic databases were searched, including 
Medline/PubMed, Embase, Scopus, ISI Web of 
Knowledge, and Google Scholar. Four keyword 
categories were used in the search strategy: Indoor 
Air (Airflow*, Industrial Gas, Vapor, Gas), Adsorption 
and Removal, Volatile Organic Compounds (VOCs, 
VOC*), and Metal–Organic Frameworks.
According to the PICO framework used in this study:
• Population (P): Volatile organic compounds in the gas 
phase
• Intervention (I): The use of metal-organic frameworks
• Comparison (C): Comparison between scenarios 
with and without the application of metal-organic 
frameworks
• Outcome (O): The rate of removal of volatile organic 
compounds
Finally, the references were entered in EndNote and the 
screening process was carried out by two reviewers.
The keywords were searched using the following 
strategy:
PubMed: ((((((((gas[Title/Abstract]) OR “industrial 
gas”[Title/Abstract]) OR  vapor[Title/Abstract]) 
OR  air[Title/Abstract]) OR  “airflow*”[Title/
Abstract]) OR “air flow*”[Title/Abstract]) OR “indoor 
air”[Title/Abstract]))  AND (((adsorption[Title/
Abstract]) OR “Removal”[Title/Abstract]))  AND 
((((“VOCs”[Title/Abstract]) OR “VOC”[Title/
Abstract]) OR “Volatile organic compound*”[Title/
Abstract]))  AND ((((“MOF*”[Title/Abstract]) OR 
“Metal organic framework*”[Title/Abstract]) OR 
“metal-organic framework*”[Title/Abstract])

http://ijoh.tums.ac.ir
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ISI/Web of Science: : ((gas OR “industrial gas” OR 
vapor OR air OR “airflow*” OR “airflow*” OR “indoor 
air”) AND (adsorption OR “Removal”) AND (“VOCs” 
OR “VOC” OR “Volatile organic compound*”) AND 
(“MOF*” OR “Metal-organic framework*” OR 
“metal-organic framework*”))
Scopus: TITLE-ABS(“industrial gas”) OR TITLE-
ABS(gas) OR TITLE-ABS(vapor) OR TITLE-ABS(air) 
OR TITLE-ABS(“airflow*”) OR TITLE-ABS(“air 
flow*”) OR TITLE-ABS(“indoor air”) AND TITLE-
ABS(Adsorption) OR TITLE-ABS(“Removal”) OR 
TITLE-ABS(“VOCs”) OR TITLE-ABS(“VOC”) 
AND TITLE-ABS(“Volatile organic compound*”) 
AND TITLE-ABS(“MOF*”) OR TITLE-ABS(“Metal 
organic framework*”) OR TITLE-ABS(“Metal-
organic framework*”)

Inclusion and Exclusion Criteria
All studies that accurately investigated the efficiency 
of MOFs for the adsorptive removal of VOCs were 
included in this review. Non-academic publications—
such as editorials, author notes, public texts, and 
letters to the editor—as well as studies that employed 
qualitative rather than quantitative methods to 
investigate VOC removal, were excluded. The literature 
review encompassed English-language, peer-reviewed 
articles published up to 2022.

The screening process for inclusion in the 
systematic review involved three stages: 
Initial Screening – Two reviewers independently 
screened the titles and abstracts of papers 
identified through the initial search to determine 
whether the studies assessed adsorption 
methods for removing VOCs from gas streams. 
Full-Text Review – Full texts of potentially eligible 
articles were reviewed to confirm that they were 
experimental studies evaluating the adsorption capacity 
for VOC removal.
Quality Assessment: Two reviewers independently 
assessed the studies against nine quality criteria 
described in the quality assessment section. Data 
availability was also evaluated, and a meta-analysis was 
conducted for studies employing experimental designs. 
Studies were included if they met the following criteria:
• Investigated the adsorption methods for removing 
VOCs from gas streams.
• Provided experimental data on the adsorption capacity 
for VOC removal.
The following types of publications were excluded 
from the review:
• Books, presentations, review articles, and letters to the 

editor discussing adsorption processes for the removal 
of VOCs and other environmental matrices (such as 
soil and water).
• Articles focused on the development of methods for 
detecting VOCs in various environments.
• Journals where the study and its methods were not 
sufficiently documented to enable a quality assessment.

Quality assessment
The quality of the studies was assessed using the Joanna 
Briggs Institute  checklist. Each of the eight checklist 
items was to be answered as “Yes,” “No,” “Unclear,” or 
“Not applicable.” This tool was employed to evaluate 
the methodological quality of the studies and to 
determine the extent to which each study addressed the 
potential for bias in its design, conduct, and analysis.

Screening the studies
Once the initial search for relevant studies was 
conducted by two reviewers (X and Y), full-text 
screening, data extraction, and quality assessment 
were independently performed by two other reviewers 
(A and B). In cases of disagreement regarding study 
inclusion, the team leader (C) made the final decision. 
Data extraction and analysis were carried out following 
the database searches. Extracted data included authors’ 
names, study locations and dates, and the types of MOFs 
and VOCs investigated. Additional information such as 
the first author, year of publication, type of adsorbent, 
initial concentration, fitted models, thermodynamic 
parameters, and removal efficiency was also recorded. 
Cochran’s Q test (with a p-value < 0.1) and the I² statistic 
(with a value > 50%) were used to assess heterogeneity 
among studies. A random-effects inverse-variance 
model was applied in cases of heterogeneity, while a 
fixed-effect model was used when heterogeneity was 
absent. Meta-regression was employed to examine the 
relationship between quantitative variables and the 
removal efficiency of the adsorbents. All statistical 
analyses were performed using STATA version 12.

RESULTS
A total of 485 relevant articles were identified across 
five databases. After removing 121 duplicate records, 
full-text screening was conducted on 359 studies 
(Figure 1). Ultimately, 71 articles were selected and 
included in the final analysis

Descriptive results pertaining to the included studies
The analysis of the number of articles and citations 
indicated that the following countries have 
conducted studies on this topic: China [13, 14, 
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19–57], South Korea [58–67], Iran [68–70], India 
[71–73], the United States [74, 75], the United 
Kingdom [76–78], Pakistan [79], Australia [80], 
Brazil [81], Canada [82], France [83], Germany 
[84], Switzerland [85], and the UAE [86] (Figure 2). 
Additionally, NH₂-MIL-125 was the most frequently 
used MOF, investigated in 15 studies, followed by 
M199, used in 10 studies. The most commonly examined 

VOCs were toluene (139 studies), benzene (99 studies), 
and hexane (30 studies) (Supplementary Table 1). Other 
variables analyzed included the Brunauer–Emmett–
Teller (BET) method applied to Type I, Type II, and 
Type IV isotherms; adsorption models such as the 
BDST model, Langmuir isotherm, Langmuir model, 
Langmuir–Freundlich model, and kinetic models; 
and the types of adsorbents used, including synthetic 
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(hydrothermal) and natural adsorbents.

The results of quality assessment
The results of the quality assessment showed that 
only three studies were of low quality, twelve were of 
medium quality, and fifty-six were of high quality.

The adsorption capacity of MOFs for the removal of 
VOCs 
The effects of inlet concentration (ppm), air pressure, 
temperature, inlet flow rate, and BET surface area 
on adsorption capacity have also been investigated. 
However, estimating the effects of inlet concentration, 
air pressure, and inlet flow rate was not feasible, as these 
parameters were examined in only a limited number of 
studies. In contrast, the effects of temperature and BET 
surface area were investigated more extensively, and 
their meta-regression results were analyzed.

The results of adsorption capacity (mmol/g)
frameworks (MOFs) have been used for the removal 
of 13 pollutants: acetone, alcohol, benzene, ethanol, 
ethylene, isopropanol, methane, methanol, n-hexane, 
propane, propylene, p-hexane, and toluene. The final 
meta-analysis demonstrated that the overall adsorption 

capacity of MOFs for the removal of these compounds 
was 7.091 mmol/g (95% CI = 6.372–7.810; Q = 471.23; 
p-value = 0.000; I² = 74.7; df = 119).

Among these pollutants, acetone, alcohol, ethanol, 
p-hexane, and isopropanol were removed using 
Bio-MOF-11, Zn₄O(L)₃]ₙ, Zn₄O(L)₃]ₙ, N-PC2, and 
Zn₄O(L)₃]ₙ, respectively—each reported in only one 
study.

Benzene was the most extensively studied pollutant, 
investigated using various MOFs. The findings showed 
that MOFs demonstrated high adsorption capacity for 
benzene (9.76 mmol/g; 95% CI = 7.03–12.49) (Figure 3).

Ethylene was investigated in a single study using 
six different MOFs. The results indicated that MOFs 
exhibited high adsorption capacity for ethylene removal 
(6.96 mmol/g; 95% CI = 5.51–8.41) (Figure 4).

Methane has also been investigated in only one 
study using 6 different MOFs, so meta-analysis was 
performed for MOF types. In general, MOFs exhibited 
high adsorption capacity (6.12 mmol/g) for methane 
(CI 95% =:  4.99 - 7.26) (Figure 5).

  

Figure 3. The efficiency of metal-organic framework in removing Benzene (mmol/g) 
Figure 3. The efficiency of metal-organic framework in removing Benzene (mmol/g)
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Figure 4. The efficiency of metal-organic framework in removing Ethylene (mmol/g) 
Figure 4. The efficiency of metal-organic framework in removing Ethylene (mmol/g)

  

Figure 5. The efficiency of metal-organic framework in removing Methane (mmol/g) 

Figure 5. The efficiency of metal-organic framework in removing Methane (mmol/g)
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Methanol has been investigated in three studies using 
8 different types of MOF. The results of the studies 
showed that MOFs afford high adsorption capacity 
(13.84 mmol/g) for methanol removal (CI 95% = 
10.81- 16.88) (Figure 6).

Hexane has also been investigated in only one study 
using 6 different types of MOF, so meta-analysis was 
performed for MOF types. In general, MOFs exhibited 
high adsorption capacity (3.01 mmol/g) for Hexane 
removal (CI 95% =:  2.16 - 3.87) (Figure 7).

Propane has also been investigated in only one study 
using 6 different types of MOF, so meta-analysis was 
performed for MOF types. In general, MOFs could 
afford high adsorption capacity (5.60 mmol/g) for 
propane removal (CI 95% = 4.13 - 7.07) (Figure 8).

Propylene has also been investigated in only one study 
using 6 different types of MOF. Therefore, meta-
analysis was performed for MOF types. In general, 
MOFs could afford high adsorption capacity (5.72 
mmol/g) for propylene removal (CI 95% = 4.25 - 7.20) 
(Figure 9).

Toluene was the most frequently investigated pollutant 
using different MOFs. Most of the studies have 
measured the adsorption capacity in mg/g and few 
studies have measured it in mmol/g. In general, MOFs 
could afford high adsorption capacity (7.96 mmol/g) 
for Toluene removal (CI 95% = 4.67- 11.25) (Figure 
10).

The results of adsorption capacity (mg/g) 
The results of the meta-analysis indicated that 164 
different MOFs have been used for 16 different pollutants 
(acetone, aniline, benzene, dimethyl methyl phosphate, 
ethanol, formaldehyde, isobutanol, isopropanol, 
methanol, methyl ethyl ketone, n-hexane, p-hexane, 
pyridine, styrene, thiophene, and toluene). And the final 
meta-analysis demonstrated that the adsorption capacity 
of MOFs for removal of these compounds was 168.013 
mg/g (CI 95% = 119.554 – 216.472، Q = 471.23، p value 
= 0.000، I2 = 74.7 df = 165). Among these pollutants, 
dimethyl methyl phosphate, isopropanol, methanol, 
ethanol, n-hexane, pyridine, p-hexane, isobutanol, and 
thiophene have been investigated in only one study 
and removed by one type of MOF. The results for other 
pollutants were as follows:

  

Figure 6. The efficiency of metal-organic framework in removing Methanol (mmol/g) 
Figure 6. The efficiency of metal-organic framework in removing Methanol (mmol/g)
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Figure 7. The efficiency of metal-organic framework in removing n-hexane (mmol/g) 
  

Figure 8. The efficiency of metal-organic framework in removing Propane (mmol/g) 

Figure 7. The efficiency of metal-organic framework in removing n-hexane (mmol/g)

Figure 8. The efficiency of metal-organic framework in removing Propane (mmol/g)
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Figure 9. The efficiency of metal-organic framework in removing Propylene (mmol/g) 

  

Figure 10. The efficiency of metal-organic framework in removing Toluene (mmol/g) 

Figure 9. The efficiency of metal-organic framework in removing Propylene (mmol/g)

Figure 10. The efficiency of metal-organic framework in removing Toluene (mmol/g)
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Acetone has been investigated in three studies using 5 
MOFs indicating that MOFs can afford high adsorption 
capacity (145.16 mg/g) for Acetone removal (CI 95% = 
91.51 -198.81) (Figure 11).

Aniline has been investigated in only one study using 5 
different types of MOF so meta-analysis was performed 
for MOF types. In general, MOFs exhibited high 
adsorption capacity (50.92 mg/g) for Aniline removal 
(CI 95% = 1.55 - 100.29 mg/g) (Figure 12).

Most of the studies had measured the adsorption 
capacity for Benzene removal in mg/g. The results of 
the studies showed that MOFs have a high adsorption 
capacity (78.47 mg/g for Benzene removal (CI 95% = 
29.65 - 127.29 mg/g) (Figure 13).

Formaldehyde has been investigated in only one 
study using 5 different types of MOF so meta-analysis 
was performed for MOF types. In general, MOFs 

exhibited high adsorption capacity (22.18 mg/g) for 
Formaldehyde removal (CI 95% = 0.76 - 43.59 mg/g) 
(Figure 14).

Methyl Ethyl Ketone has been investigated in only one 
study using 4 different types of MOF and meta-analysis 
was performed for MOF types. In general, MOFs 
exhibited high adsorption capacity (10.41 mg/g) for 
the removal of Methyl Ethyl Ketone (MEK) (CI 95% = 
1.86 - 18.95 mg/g) (Figure 15).

One of the most frequently investigated volatile 
compounds was styrene, calculated in mg/g. The 
results of the studies revealed that MOFs can exhibit 
high adsorption capacity (328.43 mg/g) for Styrene 
removal (CI 95% = 107.12- 549.75 mg/g) (Figure 16).
The results of the studies demonstrated that MOFs 
can afford high adsorption capacity (198.18 mg/g) for 
Toluene removal (CI 95% = 111.73 - 284.63 mg/g) 
(Figure 17).

  

Figure 11. The efficiency of metal-organic framework in removing Acetone (mg/g) 

Figure 11. The efficiency of metal-organic framework in removing Acetone (mg/g)
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Figure 12. The efficiency of metal-organic framework in removing Aniline (mg/g) 
  

Figure 13. The efficiency of metal-organic framework in removing Benzene (mg/g) 

Figure 12. The efficiency of metal-organic framework in removing Aniline (mg/g)

Figure 13. The efficiency of metal-organic framework in removing Benzene (mg/g)
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Figure 14. The efficiency of metal-organic framework in removing Formaldehyde (mg/g) 

  

Figure 15. The efficiency of metal-organic framework in removing Methyl ethyl ketone (MEK) (mg/g) 

Figure 14. The efficiency of metal-organic framework in removing Formaldehyde (mg/g)

Figure 15. The efficiency of metal-organic framework in removing Methyl ethyl ketone (MEK) (mg/g)
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Figure 16. The efficiency of metal-organic framework in removing Styrene (mg/g) 

Figure 16. The efficiency of metal-organic framework in removing Styrene (mg/g)

Meta-regression analysis of the relationship between 
adsorption capacity and BET surface area 
The meta-regression results revealed no significant 
relationship between adsorption capacity (mmol/g) and 
BET surface area (m²/g) (p = 0.067). However, a direct 
and statistically significant relationship was observed 
when adsorption capacity was expressed in mg/g, 
indicating that the adsorption capacity of MOFs for 
VOC removal increases with increasing BET surface 
area (Figure 18).

Meta-regression analysis of the relationship between 
adsorption capacity and temperature
The meta-regression results revealed a significant 
inverse relationship between adsorption capacity 
(mmol/g) and temperature (K), indicating that the 
adsorption capacity of MOFs for VOC removal 
decreased with increasing temperature. However, 
when adsorption capacity was expressed in mg/g, 
no significant relationship was observed (p = 0.361) 
(Figure 19).

Publication bias analysis 
The Egger test was used to evaluate publication bias in 
the results. The findings indicated that publication bias 
was not present across the included studies (p = 0.221).

DISCUSSION
The present systematic review and meta-analysis 
aimed to compare the adsorption capacity of metal–
organic frameworks (MOFs) for the removal of VOCs 
in the gas phase. The results of the 66 studies included 
in the meta-analysis showed that the most frequently 
used MOF and VOCs were NH2-MIL-125 and toluene, 
respectively. The adsorption capacity of MOFs for 
removal of VOCs was 168.013 mg/g (CI 95% = 119.554 
– 216.472، Q = 471.23، p value = 0.000، I2 = 74.7، df = 
165) and 7.091 mmol/g (CI 95% = 6.372 – 7.810، Q = 
471.23، p value = 0.000، I2 = 74.7، df = 119).

The most frequently used MOFs were NH₂-MIL-125 
and MIL-101. The majority of studies focused on the 
adsorption equilibrium of n-alkanes on MIL-101 and 
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Figure 17. The efficiency of metal-organic framework in removing Toluene (mg/g) 

Figure 17. The efficiency of metal-organic framework in removing Toluene (mg/g)

its modified forms, primarily due to the desorption 
behavior of trace low-carbon alkane mixtures. This 
desorption process directly affects the subsequent 
adsorption capacity of the adsorbent and its cyclic 
stability [41]. MIL-101 exhibits a very high specific 
surface area and pore volume, and it is notably stable at 
elevated temperatures (up to 473 K) and in the presence 
of various organic solvents, including water. Studies 
have shown that MIL-101 has a complex chemical 
structure and demonstrates high benzene adsorption 
capacity, making it a strong candidate for removing 
harmful organic pollutants [87].

NH₂-MIL-125 was synthesized using titanium 
(IV) isopropoxide as the titanium source and 
1,4-benzenedicarboxylic acid (H₂BDC) as the organic 
linker. The structure of NH₂-MIL-125 consists 
of cyclic octamers formed from corner- or edge-
sharing octahedral titanium units. These octamers are 
connected to 12 other cyclic octamers through H₂BDC 
linkers, resulting in a porous, quasi-cubic three-
dimensional framework with two types of cages—an 
octahedral one (12.5 Å diameter) and a tetrahedral one 
(6 Å diameter), featuring triangular windows of 5–7 
Å [88].
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As an amine-functionalized derivative of MIL-125, 
NH₂-MIL-125 has shown effective removal of nitrogen-
containing compounds such as indole and quinoline 
through hydrogen bonding interactions with the NH₂ 
group. These findings indicate that NH₂-MIL-125 
is a promising candidate for gas-phase adsorption, 
including water vapor adsorption [60].

Toluene received the most research attention, 
underscoring the importance of its adsorptive removal. 
It is a VOC emitted from a wide range of sources, 
including vegetation, bacteria, fossil fuel deposits, 
and industrial discharge. The results showed that 

the adsorption capacity of various MOFs for toluene 
removal was determined to be 198.18 mg/g and 
7.96 mmol/g. Multiple studies have reported that MOFs 
exhibit high adsorption capacities for toluene due to 
expansion or contraction of their pore volume upon 
guest adsorption [89,90]. While adsorbent–adsorbate 
interactions may weaken with decreasing polarity, 
toluene demonstrated the highest adsorption capacity 
among compounds studied, indicating strong host–
guest interactions. This may stem from π–π interactions 
between the aromatic rings of toluene and the organic 
ligands in MOFs, enhancing binding affinity [91,92].

  

Figure 18. Meta-regression of BET and efficiency of metal-organic framework 

a: efficiency (mmol/g)  b: efficiency (mg/g) 
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Figure 18. Meta-regression of BET and efficiency of metal-organic framework
                                        a: efficiency (mmol/g)		  b: efficiency (mg/g)
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Benzene has also received considerable attention for 
similar reasons. Its reduced polarity did not affect 
adsorption efficiency, again suggesting robust host–
guest interactions. Like toluene, benzene likely 
engages in π–π interactions, reinforced by the presence 
of its aromatic ring, which contributes to stronger 
interactions than those observed in C–π or O–π bonds 
with carbon-based adsorbents or zeolites [91–93].

Furthermore, meta-regression analysis revealed that 
MOFs with higher BET surface area tended to exhibit 
greater adsorption capacities for organic compounds. 

The Brunauer–Emmett–Teller (BET) method is widely 
applied to determine the surface area of MOFs. 

Adsorption can occur through physical or chemical 
mechanisms: physical adsorption relies on van der 
Waals forces, while chemical adsorption involves 
direct chemical bonding between the adsorbate and the 
surface. In monolayer adsorption, all gas molecules 
interact directly with the surface, whereas in multilayer 
adsorption, successive layers form, with some 
molecules interacting primarily with other gas-phase 
molecules. This vapor-phase interaction highlights the 

Figure 19. Meta-regression of temperature and efficiency of metal-organic framework
                                   a: efficiency (mmol/g)		  b: efficiency (mg/g)
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significance of surface area, supporting the present 
study’s findings that larger BET surface areas can 
enhance VOC adsorption performance [94].

In general, the adsorption capacity of MOFs for the 
removal of VOCs can be attributed to π–π stacking 
interactions between the VOCs and the π-conjugated 
systems within the MOFs, which represent a primary 
mechanism of adsorption. For example, Zhao et al. 
found that the adsorption capacity for the benzene series 
was lower than that for styrene, due to the π-electrons 
of the vinyl group in styrene leading to stronger π–π 
stacking interactions. In certain conditions, more 
hydrophobic molecules are preferentially adsorbed into 
the hydrophobic pores of MOFs, and the low adsorption 
capacity for hexane can be attributed to its low boiling 
point and limited hydrophobicity [95]. Additionally, 
various chemical bonds can form between VOCs and 
MOFs, especially since VOCs often contain multiple 
aromatic rings. The reduced uptake of water vapor by 
synthesized MOFs has been linked to their enhanced 
hydrophobicity [96]. Naturally, the structure—
particularly the nature of the metal nodes—affects 
the water-capture properties of MOFs. For instance, 
MIL(Cr)-Z1 exhibits significantly lower water uptake 
than MIL(Cr)-101 due to its less hydrophilic metal ions 
and demonstrates preferential adsorption of non-polar 
VOCs under high relative humidity conditions [13].

CONCLUSION
The results of the present study showed that MOFs 
are among the emerging materials widely used for 
the removal of volatile organic substances. Also, 
the adsorption capacity of MOFs for the removal of 
non-polar VOCs can be improved by enhancing the 
hydrophobicity of MOFs and changing their metal 
species and spatial arrangement. Also, MOFs are 
widely used for the removal of VOCs due to their large 
specific surface area, very high pore volumes, and high 
thermal resistance. Moreover, the organic linkers of 
MOFs may exert favorable interactions with organic 
solvents. Therefore, it can be concluded that MOFs 
can be used for the adsorption and removal of VOC 
gases. Furthermore, adsorption capacity can be further 
enhanced by increasing BET surface area.

LIMITATIONS 
The present study had limitations. One of the most 
important limitations of the current study is the lack of 
studies in other languages. Also, in these studies, there 
was no comparison of two removal methods, and only 
one method was presented descriptively. It was also 

difficult to compare between laboratory and industrial 
studies. In fact, industrial scale studies can show the 
efficiency of MOFs better. 

ETHICS APPROVAL AND CONSENT TO 
PARTICIPATE
Ethical  approval  for  this study  was obtained from 
School of Public Health and Neuroscience  Research 
Center, Shahid Beheshti University of Medical Sciences 
(IR.SBMU.RETECH.REC.1400.956). 

AVAILABILITY OF DATA AND MATERIALS
The raw data supporting the conclusions of this article 
will be made available by the corresponding author.

COMPETING INTERESTS
The authors have no competing interests to declare. 

FUNDING
This study was part of the research projects supported 
by Shahid Beheshti University of Medical Sciences 
(Grant no. 30475). 

AUTHORS’ CONTRIBUTIONS
S.F.D was the leader of study and edited the final 
manuscript. P.Kh and H.R gathered data for systematic 
review and extracted data for meta-analysis and were 
the major contributors in writing the manuscript. 
M.M analyzed meta-analysis data and was a major 
contributor in writing the manuscript. All authors read 
and approved the fnal manuscript.

ACKNOWLEDGEMENTS
This study is related to the project NO. 30475 from 
Student Research Committee, Shahid Beheshti 
University of Medical Sciences, Tehran, Iran. We 
also appreciate the “Student Research Committee” 
and “Research & Technology Chancellor” in Shahid 
Beheshti University of Medical Sciences for their 
financial support of this study. 

REFERENCES
1.	 Lv Y, et al. Hydrophobic design of adsorbent for VOC 

removal in humid environment and quick regenera-
tion by microwave. Microporous Mesoporous Mater. 
2020;294:109869.

2.	 Liu Y, Tian T. Fabrication of diatomite/silicalite-1 com-
posites and their property for VOCs adsorption. Materials 
(Basel). 2019;12(4):551.

3.	 Ece MS, et al. Development of novel Fe₃O₄/AC@
SiO₂@1,4-DAAQ magnetic nanoparticles with outstand-
ing VOC removal capacity: characterization, optimiza-
tion, reusability, kinetics, and equilibrium studies. Ind 
Eng Chem Res. 2020;59(48):21106–23.



33

33 / 35 | IJOH | July 2023 | Vol.15 | No.3 Mohammad-Gholikhan-Khalaj P. et al.  

4.	 Liu Y, et al. Adsorption behavior and mechanism of 
Pb(II) and complex Cu(II) species by biowaste-derived 
char with amino functionalization. J Colloid Interface 
Sci. 2020;559:215–25.

5.	 Saka C, Şahin Ö, Kutluay S. Cold plasma and microwave 
radiation applications for surface modification on the 
pistachio husk-based adsorbent and its effects on the ad-
sorption of rhodamine B. Energy Sources A Recover Util 
Environ Eff. 2016;38(3):339–46.

6.	 Şahin Ö, Saka C, Kutluay S. Cold plasma and microwave 
radiation applications on almond shell surface and its ef-
fects on the adsorption of Eriochrome Black T. J Ind Eng 
Chem. 2013;19(5):1617–23.

7.	 Xu J, et al. A review of functionalized carbon nanotubes 
and graphene for heavy metal adsorption from water: 
preparation, application, and mechanism. Chemosphere. 
2018;195:351–64.

8.	 Furukawa H, et al. The chemistry and applica-
tions of metal-organic frameworks. Science. 
2013;341(6149):1230444.

9.	 Li GP, et al. Thiol-functionalized pores via post-syn-
thesis modification in a metal–organic framework 
with selective removal of Hg(II) in water. Inorg Chem. 
2019;58(5):3409–15.

10.	Eddaoudi M, et al. Systematic design of pore size and 
functionality in isoreticular MOFs and their application 
in methane storage. Science. 2002;295(5554):469–72.

11.	Zheng ST, et al. Development of composite inor-
ganic building blocks for MOFs. J Am Chem Soc. 
2012;134(10):4517–20.

12.	Bi F, et al. Excellent catalytic activity and water resis-
tance of UiO-66-supported highly dispersed Pd nanopar-
ticles for toluene catalytic oxidation. Appl Catal B. 
2020;269:118767.

13.	Zhu M, et al. Enhanced hydrophobic MIL(Cr) metal-or-
ganic framework with high capacity and selectivity for 
benzene VOCs capture from high humid air. Chem Eng J. 
2017;313:1122–31.

14.	Zhang X, et al. Enhanced hydrophobic UiO-66 metal-or-
ganic framework with high capacity and selectivity for 
toluene capture from high humid air. J Colloid Interface 
Sci. 2019;539:152–60.

15.	Zhang X, et al. The preparation of defective UiO-66 met-
al-organic framework using MOF-5 as structural modifier 
with high sorption capacity for gaseous toluene. J Envi-
ron Chem Eng. 2019;7(5):103405.

16.	Vellingiri K, Deep A, Kim KH. Metal-organic frameworks 
for the adsorption of gaseous toluene under ambient tem-
perature and pressure. Chem Eng J. 2017;307:1116–26.

17.	Bhattarai DP, Bhattarai N, Yi J. Recent progress in met-
al–organic framework-derived nanostructures in the 
removal of volatile organic compounds. Molecules. 
2021;26(16):4948.

18.	Rao R, Ma Y, Wang Z, Zhang Y, Wang Q. Recent ad-
vances of metal-organic framework-based and deriv-
ative materials in the heterogeneous catalytic removal 
of volatile organic compounds. J Colloid Interface Sci. 
2023;636:55–72.

19.	Cui X, Ma Q, Xue P, Zhang W, Lin Y. In-situ fabrica-
tion of cellulose foam HKUST-1 and surface modifica-
tion with polysaccharides for enhanced selective ad-
sorption of toluene and acidic dipeptides. Chem Eng J. 

2019;369:898–907.
20.	Duan C, Li S, Wang C, Zhang X, Liu D. Rapid Synthe-

sis of Hierarchically Structured Multifunctional Met-
al-Organic Zeolites with Enhanced Volatile Organic 
Compounds Adsorption Capacity. Ind Eng Chem Res. 
2018;57(45):15385–94.

21.	Guo ZJ, Wang Y, Wang R, Song Y, Wu H. Stable met-
al-organic frameworks based mixed matrix mem-
branes for Ethylbenzene/N-2 separation. Chem Eng J. 
2021;416:128993.

22.	Huang CY, Pan JH, Chiang PC, Chang EE. Probing the 
adsorption characteristic of metal-organic framework 
MIL-101 for volatile organic compounds by quartz crystal 
microbalance. Environ Sci Technol. 2011;45(10):4490–6.

23.	Li M, Li F, Zhou J, Zhao X, Xu D. Synthesis and applica-
tion of Cu-BTC@ZSM-5 composites as effective adsor-
bents for removal of toluene gas under moist ambience: 
kinetics, thermodynamics, and mechanism studies. Envi-
ron Sci Pollut Res Int. 2020;27(6):6052–65.

24.	Li ML, Shen Y, Deng Y. Preparation of a Compos-
ite Material AC/Cu-BTC with Improved Water Sta-
bility and n-Hexane Vapor Adsorption. J Nanomater. 
2019;2019:4380573.

25.	Li WX, Yu Q, Zhan G, Jin W. Hydrophobic modification 
of UiO-66 by naphthyl ligand substitution for efficient 
toluene adsorption in a humid environment. Microporous 
Mesoporous Mater. 2021;326:111307.

26.	Li YJ, Yang Y, Zhang D, Meng Q, Liu J. Mechanochem-
ical synthesis of Cu-BTC@GO with enhanced water 
stability and toluene adsorption capacity. Chem Eng J. 
2016;298:191–7.

27.	Li ZH, Zhang J, Wang F, Tian Y. Investigation of 
MOF-derived humidity-proof hierarchical porous carbon 
frameworks as highly-selective toluene absorbents and 
sensing materials. J Hazard Mater. 2021;411:125080.

28.	Liu H, Liu S, Li L, Lu Z. Solar-light-triggered regenera-
tive adsorption removal of styrene by silver nanoparticles 
incorporated in metal-organic frameworks. Environ Sci 
Nano. 2021;8(2):543–53.

29.	Liu XL, Yang CL, Zhang W, Zhao JP. Theoretical study 
on the gas adsorption capacity and selectivity of CPM-
200-In/Mg and CPM-200-In/Mg-X (-X = -NH2, -OH, -N, 
-F). Phys Chem Chem Phys. 2017;19(44):29963–74.

30.	Ma FJ, Liu XG, Chang Z, Bu XH. Adsorption of volatile 
organic compounds in porous metal-organic frameworks 
functionalized by polyoxometalates. J Solid State Chem. 
2011;184(11):3034–9.

31.	Ma XL, Huang HY, Wang MX, Chen J. Adsorption per-
formance and kinetic study of hierarchical porous Fe-
based MOFs for toluene removal. Sci Total Environ. 
2021;793:148615.

32.	Peng S, Liu Z, Wang X, Tian C. Aminated mesoporous 
silica nanoparticles for the removal of low-concentra-
tion malodorous aldehyde gases. Environ Sci Nano. 
2018;5(11):2663–71.

33.	Shen XH, Yu RY, Gong YF, Shen CZ. Record-high cap-
ture of volatile benzene and toluene enabled by activator 
implant-optimized banana peel-derived engineering car-
bonaceous adsorbents. Environ Int. 2020;143:105949.

34.	Shi JQ, Zheng J, Zhang H, Xu Q, Wang W. A metal-OH 
group modification strategy to prepare highly-hydropho-
bic MIL-53-Al for efficient acetone capture under humid 



34

November/December 2022, Volume 7, Issue 6
Effectiveness of Metal Organic Frameworks 34 / 35 | IJOH | July 2023 | Vol. 15 | No. 3

conditions. J Environ Sci (China). 2021;107:111–23.
35.	Sun XJ, Liu Y, Liu S, Yang R. Novel Hierarchical Fe(III)-

Doped Cu-MOFs With Enhanced Adsorption of Benzene 
Vapor. Front Chem. 2019;7:499.

36.	Sun XJ, Liu Y, Xu H, Xie W. Novel MOF-5 derived po-
rous carbons as excellent adsorption materials for n-hex-
ane. J Solid State Chem. 2019;271:354–60.

37.	Sun YF, Qin L, Peng W, Wu H. High n-Hexane Adsorp-
tion Capacity of Composite Adsorbents Based on MOFs 
and Graphene with Various Morphologies. Ind Eng Chem 
Res. 2020;59(30):13744–54.

38.	Sun YF, Peng W, Zhang W, Li S. Graphene modified 
Cu-BTC with high stability in water and controllable 
selective adsorption of various gases. J Alloys Compd. 
2019;808:151727.

39.	Wang C, Wang H, Liu S, Zhang Z. Remarkable adsorp-
tion performance of MOF-199 derived porous carbons 
for benzene vapor. Environ Res. 2020;184:109277.

40.	Wang MY, Wang Z, Sun D, Wang R. Activated MIL-
53(Al) for Efficient Adsorption of Dichlorometh-
ane and Trichlormethane. Aerosol Air Qual Res. 
2016;16(8):2003–10.

41.	Wang T, Chen Y, Wu P, Feng S. Study on Adsorption 
and Desorption Performances of Trace C4-C6 Alkane 
Mixture on MIL-101(Cr) and WS-480. Energy Fuels. 
2019;33(8):7587–94.

42.	Xie LH, Liu XL, He Y. Metal-Organic Frameworks for 
the Capture of Trace Aromatic Volatile Organic Com-
pounds. Chem. 2018;4(8):1911–27.

43.	Xu F, Zhang L, Wang J, Jiang G. Hydrotalcite-Assisted 
rapid synthesis of HKUST-1 toward efficient benzene 
capture. AIP Adv. 2020;10(12):125331.

44.	Xu F, Zhang L, Wang J, Jiang G. Effect of Textural Prop-
erties on the Adsorption and Desorption of Toluene on 
the Metal-Organic Frameworks HKUST-1 and MIL-101. 
Adsorpt Sci Technol. 2013;31(4):325–39.

45.	Yang K, Yu X, Xing H, Yan Y. Adsorption of volatile 
organic compounds by metal-organic frameworks MIL-
101: Influence of molecular size and shape. J Hazard Ma-
ter. 2011;195:124–31.

46.	Yang K, Liu J, Zhong C. Adsorption of volatile organic 
compounds by metal-organic frameworks MOF-177. J 
Environ Chem Eng. 2013;1(4):713–18.

47.	Yang X, Wu G, Liu M, Li X. Hierarchically porous 
N-doped carbon nanofibers derived from ZIF-8/PAN 
composites for benzene adsorption. J Appl Polym Sci. 
2021;138(20):50244.

48.	Zhang XD, Zhao Y, Liu Y, Li B. Adsorption/desorption 
kinetics and breakthrough of gaseous toluene for mod-
ified microporous-mesoporous UiO-66 metal organic 
framework. J Hazard Mater. 2019;366:140–50.

49.	Zhao YT, Li G, Yan Q, Sun J. Evaluation of the adsorp-
tion and desorption properties of zeolitic imidazolate 
framework-7 for volatile organic compounds through 
thermal desorption-gas chromatography. Anal Methods. 
2018;10(40):4894–901.

50.	Zhao ZX, Yu Q, Jin W, Zhang Q. Competitive adsorption 
and selectivity of benzene and water vapor on the microp-
orous metal organic frameworks (HKUST-1). Chem Eng 
J. 2015;259:79–89.

51.	Zheng X, Wang C, Liu Y, Zhang J. Highly improved 
adsorption performance of metal-organic frameworks 

CAU-1 for trace toluene in humid air via sequential in-
ternal and external surface modification. Chem Eng J. 
2020;389:124411.

52.	Zhou L, Zhang X, Chen Y. Facile synthesis of Al-fuma-
rate metal–organic framework nano-flakes and their high-
ly selective adsorption of volatile organic compounds. 
Mater Lett. 2017;197:224–27.

53.	Zhou L, Zhang XH, Chen YL. Modulated synthesis of 
zirconium metal-organic framework UiO-66 with en-
hanced dichloromethane adsorption capacity. Mater Lett. 
2017;197:167–70.

54.	Zhu MP, Liu DH, Wang L, Li YX. Hydrophobic N-doped 
porous biocarbon from dopamine for high selective ad-
sorption of p-xylene under humid conditions. Chem Eng 
J. 2017;317:660–72.

55.	Xie LH, Liu XL, He Y. Metal-organic frameworks for 
the capture of trace aromatic volatile organic compounds. 
Chem. 2018;4(8):1911–27.

56.	Dong C, Ma Y, Yang D, Liu B. Catalytic ozone decom-
position and adsorptive VOCs removal in bimetallic met-
al-organic frameworks. Nat Commun. 2022;13(1):4991.

57.	He T, Yu J, Yang Y, Zhang Y. Trace removal of benzene 
vapour using double-walled metal–dipyrazolate frame-
works. Nat Mater. 2022;21(6):689–95.

58.	Anand B, Patel N, Agrawal A, Choudhury A. Proof of 
concept for CUK family metal-organic frameworks as 
environmentally-friendly adsorbents for benzene vapor. 
Environ Pollut. 2021;285:117252.

59.	Khan A, Li Y, Xu D, Wang C. A comparison of figure of 
merit (FOM) for various materials in adsorptive removal 
of benzene under ambient temperature and pressure. En-
viron Res. 2019;168:96–108.

60.	Kim B, Kim J, Cho S, Lee J. Adsorption of volatile or-
ganic compounds over MIL-125-NH2. Polyhedron. 
2018;154:343–49.

61.	Liu BT, Younis SA, Kim KH. The dynamic competition 
in adsorption between gaseous benzene and moisture on 
metal-organic frameworks across their varying concen-
tration levels. Chem Eng J. 2021;421:129897.

62.	Vellingiri K, Deep A, Kumar P, Kim KH. Metal organic 
frameworks as sorption media for volatile and semi-vol-
atile organic compounds at ambient conditions. Sci Rep. 
2016;6:27813.

63.	Vikrant K, Kim KH, Tsang YF. Adsorption properties of 
advanced functional materials against gaseous formalde-
hyde. Environ Res. 2019;178:108672.

64.	Vikrant K, Park DS, Kim KH. Adsorptive removal of an 
eight-component volatile organic compound mixture by 
Cu-, Co-, and Zr-metal-organic frameworks: Experimen-
tal and theoretical studies. Chem Eng J. 2020;397:125338.

65.	Vikrant K, Kim KH. Evidence of inter-species swing ad-
sorption between aromatic hydrocarbons. Environ Res. 
2020;181:108956.

66.	Vikrant K, Kim KH, Kumar P. Evidence for superiori-
ty of conventional adsorbents in the sorptive removal of 
gaseous benzene under real-world conditions: Test of ac-
tivated carbon against novel metal-organic frameworks. J 
Clean Prod. 2019;235:1090–102.

67.	Vikrant K, Kim KH, Park DS. Utilization of metal-or-
ganic frameworks for the adsorptive removal of an ali-
phatic aldehyde mixture in the gas phase. Nanoscale. 
2020;12(15):8330–43.



35

35 / 35 | IJOH | July 2023 | Vol.15 | No.3 Mohammad-Gholikhan-Khalaj P. et al.  

68.	Alivand MS, Vellingiri K, Kim KH. Defect engineer-
ing-induced porosity in graphene quantum dots embed-
ded metal-organic frameworks for enhanced benzene and 
toluene adsorption. J Hazard Mater. 2021;416:125878.

69.	Jafari S, Kalantari H, Shariatinia Z. Effects of post-syn-
thesis activation and relative humidity on adsorption per-
formance of ZIF-8 for capturing toluene from a gas phase 
in a continuous mode. Appl Sci. 2018;8(2):236.

70.	Jangodaz E, Moghadam M, Arshadi S. Adsorption of eth-
ylbenzene from air on metal-organic frameworks MIL-
101(Cr) and MIL-53(Fe) at room temperature. J Inorg 
Organomet Polym Mater. 2018;28(5):2090–9.

71.	Jhinjer HS, Sharma V, Goyal N. Metal-organic frame-
works functionalized smart textiles for adsorptive remov-
al of hazardous aromatic pollutants from ambient air. J 
Hazard Mater. 2021;411:125056.

72.	Saini VK, Pires J. Development of metal-organic 
framework-199 immobilized zeolite foam for adsorp-
tion of common indoor VOCs. J Environ Sci (China). 
2017;55:321–30.

73.	Vikrant K, Kim KH, Kumar P. Metal-organic frameworks 
for the adsorptive removal of gaseous aliphatic ketones. 
ACS Appl Mater Interfaces. 2020;12(9):10317–31.

74.	Hu Z, Wang Y, Xu J. Facile synthesis of magnesium-based 
metal-organic framework with tailored nanostructure for 
effective volatile organic compounds adsorption. R Soc 
Open Sci. 2022;9(3):211544.

75.	Pellejero I, Sorribas S, Gorgojo P. Functionalization of 
3D printed ABS filters with MOF for toxic gas removal. J 
Ind Eng Chem. 2020;89:194–203.

76.	Azmi LHM, Vellingiri K, Deep A, Kim KH. Fabrication 
of MIL-101-polydimethylsiloxane composites for envi-
ronmental toluene abatement from humid air. Chem Eng 
J. 2022;429:132354.

77.	Hunter-Sellars E, Corrado M, Zeng Z, Radosz M, Petit 
C. Sol-Gel synthesis of high-density zeolitic imidazolate 
framework monoliths via ligand assisted methods: Ex-
ceptional porosity, hydrophobicity, and applications in 
vapor adsorption. Adv Funct Mater. 2021;31(5):2008123.

78.	Han Y, Xue W, Song X, Bai L. Control of the pore chem-
istry in metal-organic frameworks for efficient adsorp-
tion of benzene and separation of benzene/cyclohexane. 
Chem. 2023;9(3):739–54.

79.	Wang JX, Vellingiri K, Kim KH. Implanting polyethylene 
glycol into MIL-101(Cr) as hydrophobic barrier for en-
hancing toluene adsorption under highly humid environ-
ment. Chem Eng J. 2021;404:126286.

80.	Chen R, Feng J, Zhu G, Zhang J. Insights into the adsorp-
tion of VOCs on a cobalt-adeninate metal-organic frame-
work (Bio-MOF-11). ACS Omega. 2020;5(25):15402–8.

81.	Fros ACD, Adil K, Ebrahim AM, Belmabkhout Y. Selec-
tive adsorption of BTEX on calixarene-based molecular 
coordination network determined by 13C NMR spectros-
copy. Inorg Chim Acta. 2019;492:161–6.

82.	Bahri M, Kim KH, Kumar P. A comparative study on met-
al organic frameworks for indoor environment applica-

tion: Adsorption evaluation. Chem Eng J. 2017;313:711–
23.

83.	Belarbi H, Bahri M, Kim KH. Comparison of the ben-
zene sorption properties of metal organic frameworks: 
Influence of the textural properties. Environ Sci Process 
Impacts. 2019;21(3):407–12.

84.	Wannapaiboon S, Tu M, Fischer RA. Liquid phase het-
eroepitaxial growth of moisture-tolerant MOF-5 iso-
type thin films and assessment of the sorption proper-
ties by quartz crystal microbalance. Adv Funct Mater. 
2014;24(18):2696–705.

85.	Sudan S, Bhattarai D, Kim KH. Sustainable capture of 
aromatic volatile organic compounds by a pyrene-based 
metal-organic framework under humid conditions. Inorg 
Chem. 2020;59(13):9029–36.

86.	Azhagapillai P, Al Shoaibi A, Srinivasakannan C. A 
facile synthesis of highly porous silica aerogel hybrid 
materials for BTX adsorption. Bull Chem Soc Jpn. 
2021;94(5):1609–15.

87.	Zhao Z, Li Z, Ma Y. Adsorption and diffusion of benzene 
on chromium-based metal-organic framework MIL-101 
synthesized by microwave irradiation. Ind Eng Chem 
Res. 2011;50(4):2254–61.

88.	Kim S, Kang Y, Jang Y. Direct sulfonation and pho-
tocrosslinking of unsaturated poly(styrene-b-butadi-
ene-b-styrene) for proton exchange membrane of direct 
methanol fuel cell. J Membr Sci. 2013;427:85–91.

89.	Farrusseng D, Aguado S, Pinel C. Metal–organic frame-
works: opportunities for catalysis. Angew Chem Int Ed 
Engl. 2009;48(41):7502–13.

90.	Ahnfeldt T, Stock N, Loiseau T, Haase F. Synthesis 
and modification of a functionalized 3D open-frame-
work structure with MIL-53 topology. Inorg Chem. 
2009;48(7):3057–64.

91.	Lin X, Telepeni I, Blake AJ, Walker GS. A porous 
framework polymer based on a Zinc(II) 4,4′-bipyr-
idine-2,6,2′,6′-tetracarboxylate: Synthesis, struc-
ture, and “zeolite-like” behaviors. J Am Chem Soc. 
2006;128(33):10745–53.

92.	Ma FJ, Liu XG, Chang Z, Bu XH. Adsorption of volatile 
organic compounds in porous metal–organic frameworks 
functionalized by polyoxometalates. J Solid State Chem. 
2011;184(11):3034–9.

93.	Ma X, Huang HY, Wang MX. Adsorption performance 
and kinetic study of hierarchical porous Fe-based MOFs 
for toluene removal. Sci Total Environ. 2021;793:148622.

94.	Ambroz F, Zilio M, Guillet-Nicolas R. Evaluation of the 
BET theory for the characterization of meso and microp-
orous MOFs. Small Methods. 2018;2(11):1800173.

95.	Ebrahimzade A, Khosravi A, Shariati S. An overview 
of porous nanomaterials associated with the adsorp-
tion of VOCs. Int J Bio-Inorg Hybrid Nanomater. 
2021;10(3):173–92.

96.	Petit C, Bandosz TJ. MOF–graphite oxide composites: 
combining the uniqueness of graphene layers and metal–
organic frameworks. Adv Mater. 2009;21(46):4753–7.


