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ABSTRACT

Among the environmental problems generated from anthropogenic activities, the atmospheric pollution is of
the most concern due to the great risks to society and environment. This pollution is directly related to the
particulate matter and the hazardous industrial gases and vapors emitted to air. Thus, some technologies like
adsorption are characterized as efficient and relatively low-cost technology to ameliorate this problem, in
which metal-organic frameworks (MOFs) nanoadsorbents are used. Thus, this review aims to report the main
advances in hazardous gases adsorption research area using MOFs and to understanding the adsorption mecha-
nisms. From this study, 51 scientific papers were found involving the application of MOFs, confirming their
potential in the air purification. Although MOFs are more advantageous than conventional nanoadsorbents
(organic/inorganic one), mainly due to the high specific surface area, thermal/chemical stabilities, their occur-
rence in Brazil is quite low once few works are reported in Brazilian literature.
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RESUMO

Dentre os problemas ambientais gerados pelas atividades antropicas, a polui¢do atmosférica é um dos mais
preocupantes devido aos grandes riscos a sociedade e ao meio ambiente. Essa polui¢do esta diretamente
relacionada a materiais particulados, gases e vapores industriais perigosos emitidos para o ar. Assim, algumas
tecnologias como a adsor¢do caracterizam-se como tecnologias eficientes e relativamente baratas para
amenizar este problema, nas quais sdo utilizados nanoadsorventes de estruturas metal-organicas (MOFs).
Assim, esta revisdo visa relatar os principais avangos na drea de adsor¢do de gases perigosos utilizando MOFs
e compreender os mecanismos de adsorc¢do. Com este estudo, foram encontrados 51 trabalhos cientificos
envolvendo a aplicagdo de MOFs, confirmando seu potencial na purificagcdo do ar. Embora os MOF's sejam
mais favoraveis que os nanoadsorventes convencionais (orgdanicos/inorgdanicos), principalmente devido a sua
alta area superficial especifica e estabilidade térmica/quimica, sua ocorréncia no Brasil ¢ baixa, visto que
poucos trabalhos sdo relatados na literatura brasileira.
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INTRODUCTION

Along the years, the pollution of the air, water and soil have increased considerably as the
industrial sector expands (MACEY et al., 2014). Among them, the air pollution is characterized as
the environmental problem with great concern due to the risk posed to public health, such as eye,
skin and respiratory issues (BAMBERGER; OSWALD, 2012). In addition, it causes ecosystem
imbalance and contributes to water pollution and soil contamination through the generation of acid
rain (LEE et al., 2019). Thus, many respiratory problems are due to exposure to toxic vapors and
gases generated mainly by the industrial sector (ADGATE; GOLDSTEIN; MCKENZIE, 2014).

Industries such as metal-mechanics, electroplating factory, oil processing and refining and
thermoelectric emit large amounts of persistent organic vapors and highly acidic inorganic gases
(GERSEN et al., 2014). In this view, hydrogen sulfide (H,S), carbon monoxide (CO), sulfur oxides
(SO, ) and nitrogen oxides (NO, ) are the main gaseous residues of inorganic or strongly acidic origin
whereas the organic vapors emitted are mostly volatile organic compounds, also known as BTEX -
Benzene, Toluene, Ethylbenzene and Xylene (CUMERAS; CORREIG, 2018; BUNCH et al., 2014).

The air quality standards are determined by the National Environmental Council through
Resolution No. 382/2006, which establishes the maximum permitted values of gaseous pollutants
emitted by fixed sources (FRIEHS et al., 2016). In this view, gaseous pollutants need to be removed
from atmospheric air and for this, technologies such as chemical oxidation, membrane separation and
incineration have been used (SHEN; ZHANG, 2019). However, the high cost of implementation and
operation, the low efficiency and the generation of secondary pollutants make the use of these tech-
nologies unfeasible (ZHANG et al., 2017).

Therefore, the adsorption technology emerges as an economic and sustainable alternative
in air remediation, due to the smaller amount of material used in the gas purification treatment, the
easy separation and little or no generation of hazardous by-products (CHEN; NANAYAKKARA;
GRASSIAN, 2012). In this context, metal-organic hybrid nanoadsorbents (MOFs) are an efficient
alternative in the removal of gaseous pollutants from the atmosphere, being used in several adsorp-
tion processes due to their multifunctional properties (chemical reactivity, high surface area, thermal
stability, and mesoporosity) (ZHANG et al., 2018).

The MOFs based on zirconium, zinc, aluminum and iron, functionalized or not with amine
and amide groups, are the most commonly found in the adsorption of gases. In this context, the pres-
ent investigation has the general objective of approaching the main advances in air remediation using
MOFs to remove hazardous gaseous pollutants, as well as confirming their potential in relation to

conventional (in)organic nanoadsorbents.
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AIR POLLUTION DUE TO FIXED INDUSTRIAL SOURCES

Air pollution is characterized as an adverse environmental impact and has increased con-
siderably over the years as the industrial sector expands (KAMAL; RAZZAK; HOSSAIN, 2016).
Atmospheric pollution is mainly due to human activities, which consist of fixed sources of high pol-
luting potential (KUMAR et al., 2019). The main pollutants generated are acidic gases (CO, CO,,
NO,, SO, and H,S), hydrocarbons and volatile organic compounds (VOCs) (BAREA; MONTORO;
NAVARRO, 2014). Most of these pollutants are commonly emitted from the burning of fossil fuels
and are responsible for the occurrence of environmental problems such as climate change resulting
from the greenhouse effect, the generation of acid rain and photochemical dust (ZHAO et al., 2013;
PARALOVO et al., 2019).

The toxic character of pollutants is one of the main factors that emphasize the need for efficient
air remediation technologies (PETIT; BANDOSZ, 2015; VELLINGIRI et al., 2016; VIKRANT et al.,
2020; YAN et al., 2020). For further clarification, the exposure limits of some of the pollutants emit-
ted by fixed sources were searched in the Brazilian literature and the results are presented in table 1,
which informs the toxicity limits or IDHL (Immediately Dangerous to Life or Health Toxicity Levels).
(BAREA et al., 2014).

Table 1 - Toxicity limits for gaseous pollutants emitted from fixed sources.

Pollutant Chemical Formula Exposition limit (mg L)
Carbon monoxide CcO 1200
Nitric oxide NO 100
Nitrous oxide N,0 20
Carbon dioxide Co, -
Sulfur dioxide SO, 100
Hydrogen sulfide H,S 100
Hydrogen cyanide HCN 50
Ammonia NH, 300
Cyclohexane c-CH, 1300
Benzene CH, 500
Dimethyl sulfide (CH,),S 7
Formaldehyde CH,0 0.1%
Fluorine gas F, 15
Chlorine gas Cl, 10
Bromine gas Br, 3

*ppb (exposition time of 30 min)
Source: Adapted from NIOSH (2005).

According to Table 1, it can be inferred that the pollutants of the halogen class (fluorine, chlorine
and bromine) and of organic origin (benzene, formaldehyde and dimethyl sulfide) are characterized

as the most dangerous, since they can react easily with atmospheric gases (O,) in the presence of UV
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radiation from the sun, generating reactive oxygen species (OH; DE; YIM, 2018). In addition, it is
worth mentioning that of these, organic pollutants are more reactive than those of inorganic origin
(WEN et al., 2019) and are highly prevalent in wastewater (METCALF; EDDY, 2014). capturing or
degrading these pollutants has been the focus of investigation by several authors, due to their muta-

genic and carcinogenic character (KIM et al., 2017; GELLES et al., 2020).

ADSORPTION

Nanotechnology consists of the control and manipulation of matter at the nanometer scale (corre-
sponding to 10 m) and the exploration of phenomena at this scale for the development of new technologies
(International Organization Standardization-ISO, 2015). Nanomaterials are classified as materials that have
at least one of their dimensions in the range from 1 to 100 nm and have different physical, chemical and
biological properties than bulk material, even if they have the same composition (THERON; WALKER;
CLOETE, 2008). Given this scenario, adsorption is based on the application of solid nanomaterials with a
high surface area and different functionalities capable of concentrating pollutants on their surface.

Adsorption process can occur through physical or chemical mechanisms. Thus, physical ad-
sorption involves weak interactions of the Van der Waals type, of reversible character, while chemical
adsorption is governed by chemical bonds between reactive functional groups present both on the
surface of the adsorbent and the adsorbate, being generally irreversible (LEE et al., 2018). In general,
the adsorption energy is in the order of 20 to 40 kJ mol™ for physical adsorption and 80 kJ mol™! for
chemical adsorption (WORCH, 2012).

The factors that strongly influence the adsorption process in are mainly the partial pressure(s)
of the component(s) to be adsorbed, the contact time between the adsorbate and the adsorbent, the
mass of adsorbent, as well as its specific surface area, pore size and distribution, porosity and number
of functional groups found on its surface (BUNCH et al., 2014). In this context, a nanoadsorbent is
any nanostructured material containing a significant number of pores or reactive surface groups ca-

pable of retaining pollutants on its surface (THERON et al., 2008).

ADSORPTION EQUILIBRIUM

The main influencing factors in the gas-phase adsorption process are the surface area of the
adsorbent material, the relative humidity of the environment where the adsorption process takes place,
in addition to the chemical and thermal stabilities of the nanoadsorbent (GELLES et al., 2020).
Thus, the main parameters evaluated in studies involving adsorption of gaseous pollutants in nano-
adsorbents are their adsorptive capacity, in addition to their hydrophobic character and chemical and
thermal stabilities (MAITLO et al., 2019).
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The adsorptive capacity consists of the amount of pollutant that is deposited on the solid
surface per unit mass of nanoadsorbent. Additionally, it is important to investigate which conditions
favor the desorption of pollutants and the mechanism of interaction between adsorbate and nanoad-
sorbent (WEN et al., 2019).

To better understand the behavior of the adsorbate-adsorbent interaction, experimental data
determined in scientific works are often fitted into equilibrium models (WORCH, 2012). These are in-
tended to represent the experimental data of adsorption equilibrium, as well as to analyze the behavior
or adsorption profile as the adsorbate concentration in the fluid phase increases. For this, the models
of Langmuir (LANMGUIR, 1918), Freundlich (FREUNDLICH, 1907), Dubinin-Radushkevic (D-R)
(DUBININ; RADUSHKEVIC, 1947), Tenkim (TEMKIN; PYZHEYV, 1940) and Redlich-Peterson
(VILELA et al., 2019) have been used, the first two being the most widespread in the literature (DO
NASCIMENTO et al., 2014).

The Langmuir model (or Langmuir isotherm) considers an ideal adsorption, where the active
sites of the adsorbent material are equivalent in energy (TIEN, 2019). Furthermore, the model as-
sumes that each active site is able to accommodate only one adsorbate molecule, forming a monolayer
once equilibrium is reached (WORCH, 2012). Langmuir isotherm and the separation factor (R,) are
described by Egs. (1) and (2).

_ 9max- P
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Where g (mmol g') is the amount of adsorbate adsorbed onto the adsorbent at equilibrium; ¢,
(mmol g') is s the maximum amount of adsorbate adsorbed to form monolayer; KL is the Langmuir
constant (kPa") and P is the partial pressure of the adsorbate (kPa). C, is the initial concentration of

the adsorbate and can be determined from Eq. (3).
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Where T is the absolute temperature (K), R is the ideal gas universal constant (8.314 J mol"' K'); .- and

qe (3)

P are the molar fraction of the component i (solute/adsorbate); 7 is the total pressure of the system (kPa).

From conventions, the adsorption is considered favorable for R, values less than 1 and an un-
favorable adsorption for values greater than 1 (WORCH, 2012). Regarding Freundlich isotherm, the
adsorption capacity of the adsorbent increases with an increase of the adsorbate pressure exponen-
tially as described by Eq. (4)

qe = KpP*" “4)

Where K, (g' mmol) (kPa)"'" is the Freundlich constant and the exponent //n represents the adsorp-
tion intensity (adsorbent-adsorbent interaction) being favorable when values of  lie between 1 and 10
(WORCH, 2012).
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ADSORPTION KINETICS

The kinetic models most applied to experimental data consist of pseudo-first order and pseudo-

second order models, which are described by Egs. (5) and (6) (LAGERGREN, 1898; HO; MCKAY, 1999).
dq,

dar k1(qe = q¢) (5)
d
—E = k(g — @) (6)

Where g, (mmol g') is the theoretical amount adsorbed per unit mass of adsorbent at time ¢ (min); ge
(mg g') is the theoretical amount adsorbed per unit mass of adsorbent estimated from kinetic models;
k, (min™') and &, (g mmol" min™) are pseudo-first and pseudo-second order are rate constants.

The pseudo-first order model represents a linear relationship between the adsorbate and the
adsorbent. In this model, it is assumed that the deposition of the adsorbate on the surface of the adsor-
bent is the limiting step (LUEKING et al., 2016). Also, the model suggests an inversely proportional
relationship between the initial concentration of adsorbate in the fluid phase and the kinetic adsorp-
tion constant. Thus, the higher the value of the initial adsorbate concentration, the longer the time
required for the adsorption equilibrium to be reached.

The pseudo-second order model suggests that the amount of adsorbate deposited on the sur-
face of the adsorbent is dependent on a concentration gradient between the fluid phase and the surface
of the adsorbent material. Thus, it can be inferred that the rate at which solute adsorption occurs de-
pends directly on the number of active sites available on the surface of the adsorbent. In addition, the
model is characterized by the strong bond between the adsorbate and the solid surface of the adsor-
bent, which refers to chemical adsorption (Song et al., 2016). Them, applying the boundary conditions
(t=0, q(0)=0 and t=0, q(0)=qe) for Egs. (5) and (6) and integrating them, Egs. (7) and (8) are obtained.

qr = q.(1 —e~™1b) (7)
k,(qe)*t

4 = ———— ®)
1+ kyq.t

In general, fitting the experimental data to the pseudo-first-order model suggests a physi-
cal mechanism of adsorption, while the fitting to the pseudo-second-order model infers a chemical

mechanism of adsorption (chemisorption) (CHANG et al., 2020).

MOFs

Hybrid nanoadsorbents are crystalline materials of organic and inorganic chemical compo-
sition with pore diameters in the range of 2 to 50 nm (mesoporous structure) or less than 2 nm
(microporous structure) (TIEN, 2019). These nanostructured materials are also called metal-organic

frameworks (MOFs) and are characterized by their high surface area, high chemical reactivity and
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great chemical and structural diversity (FENG et al., 2018; GELLES et al., 2020). Also, these po-

rous nanomaterials have considerable thermal and chemical stability, relative hydrophobicity, some
of them being electron-deficient and therefore can be applied as potential nanoadsorbents (Yan et al.,
2020), in addition to other applications (XIE ef al., 2020).

The use of MOFs is more advantageous compared to conventional (in)organic nanoadsor-
bents (VIKRANT et al., 2019; G. ZHANG et al., 2019) such as silica (nSiO,) and alumina (nAl,O,)
nanoparticles, nanozeolites and activated carbon, since they involve predominantly physical mecha-
nisms in the adsorption of toxic gases and vapors (KUMAR et al., 2016; DOU et al., 2011). In addi-
tion, the search for controlling pore size and morphology, at the nanometer scale, has contributed to
obtaining MOFs with improved properties (WEN et al., 2019). In order to provide an overview of the
topic, some MOFs with their respective application and synthesis method are listed in Table 2.

As future perspectives, it is necessary to investigate the toxicity tests of MOFs when in contact
with living organisms and research involving scale-up. In addition, it is essential to invest in research

aimed at the synthesis, characterization and application of MOFs in Brazil, since from this research

few works on the subject were found in the literature.
Table 2 - Toxicity limits for gaseous pollutants emitted from fixed sources.

MOF Research Commentary Reference
Incorporation of MOF in ABS filter produced . PELLEJERO
ZIF-8 . ) Gaseous adsorption
by additive manufacturing etal., 2020
X-DOBDC Theoretical-Experimental study of the potential . ZHOU
) ] Adsorption of CO, NO, NO,, NH,, e H,S
XMOF-74 (X=Mg, Zn, Co, Ni) of MOF in gas-phase ; etal., 2018
) . Application in the adsorption of
Zu-13 Theoretical-experimental study of the separa- . YANG
. . . propyne in MOF Zu-13 from propyne-
(TIFSIX-14-Cu-I) tion of trace pollutants in gaseous mixtures . etal., 2018
propylene gas mixture (C,H,/CH,)
IRMOFEF-1, Cu-BTC, MIL-74 ) ) Application in CO, adsorption via
Theoretical-comparative study between MOFs . . . MOHIDEEN
(V), Zn-MOF-74, Mg-MOF-74, o . adsorption on 13X commercial zeolites
and zeolites in CO, adsorption etal., 2017
MOF-177, Z1F-8, Z1-10 and on MOFs Mg-MOF-74, CuBTC
CeBTC Comparative study between MOFs and MOFs Application in CO, adsorption via ad- MOHIDEEN
MIL-125(Ti) based on metal oxides sorption onto MOFs and metal oxides etal., 2018
HKUST-1 Functionalization of HKUST-1 with graphene Application in the adsorption of H,S in BHORIA
oxide (GO) hybrid nanoadsorbent HKUST-1/GO etal., 2020
Mg@ZIF-8 Study of CO, adsorption/desorption in Applied in the adsorption of CO, in CHANG
Zn@ZIF-8 zeolitic MOF MIF-8-(NH,) and MIF-8/GO et al., 2020
Functionalization of MOF with amine group and o . .
. i Applied in the adsorption of CO, in POKHREL
ZIF-8 comparative study between the adsorption of gases
. o L MIF-8-(NH,) and MIF-8/GO etal., 2018
in functionalized and non-functionalized ZIF-8
Kag-MOF Adsorption of inorganic gases and volatile Low affinity for BTX and high affinity MOHIDEEN
a -
= organic compounds for H,0, H,Se CO, etal., 2017
Computational study on the effect of impurities
Mg-MOF-74 . . . BAHAMON
on mono- and multi-component adsorption. Adsorption CO,, O,, N, H,0, SO,e NO
Cu-BTC ) ] etal., 2018
Low impurity MOFs
High affinity and adsorptive capacit
CeBTC . £ Y . P . Pacty MOUNFIELD
Adsorption of CO, e SO, onto MOFs for pollutants, despite considerable
MIL-125 etal., 2016

chemical stability

* ppb (exposition time of 30 min)

Source: Author.
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SYNTHESIS AND CHARACTERIZATION OF MOFS

As shown in table 2, the synthesis of MOFs can be mainly through solvothermal and
hydrothermal methods, the latter being the most used (ZHOU et al., 2018; PELLEJERO et al., 2020;
MOHIDEEN et al., 2017, MOUNFIELD et al., 2016). The difference between the methods consists
only in the nature of the solvent used: water is used as a solvent in hydrothermal synthesis and organic
solvent in solvothermal synthesis, both at temperature and pressure above ambient conditions (LIMA
et al., 2019). It is also important to analyze that the aforementioned methods are performed in a closed
system (STOCK; BISWAS, 2011), as illustrated in Figure 1.

Figure 1 - Schematic representation of the MOF synthesis process.
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Source: Author.

The advantage of using these methods lies in the possibility of obtaining a material of high
purity and versatility (YANG et al., 2018), as in the case of metal-organic hybrid nanoadsorbents,
characterized by great structural and chemical diversity (MOHIDEEN et al., 2017).

FUNCTIONALIZATION OF MOFS

Although it is possible to obtain nanostructured materials (MOFs) of high purity, chemical di-
versity, high surface area and pore density (JAMES, 2003; CALERO et al., 2011; SUN et al., 2014), one
of the challenges encountered in current scenario is the low chemical stability of these materials. It is
known from several studies that MOFs undergo degradation under acidic conditions (WEN et al., 2019).
In addition, they have reduced adsorptive capacity for gaseous contaminants when applied in environ-
ments with considerable moisture content (BURTCH; JASUJA; WALTON, 2014). This is because water
vapor has a high affinity for the active sites of MOFs and, consequently, competes strongly with pollut-
ants of interest SUPRONOWICZ; MAVRANDONAKIS; HEINE, 2013; ZHANG et al., 2019).
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Given this scenario, functionalization with amines (KANG; KANG; HONG, 2019), amides
(LIU et al., 2019) and graphene oxide - GO, (BHORIA et al., 2020) emerges. as an alternative to these

operational problems, since its insertion into the hybrid metal-organic structure gives it hydrophilic
groups that can interact with water vapor (FARHA et al., 2012; LOLLAR et al., 2018). In this way, a
greater number of active sites of porous material is available for adsorption of toxic gaseous pollutants
(HWANG et al., 2008).

Regarding the theme presented here, it is worth mentioning the main characterization used to
evaluate or describe the MOFs’ properties as nanoadsorbent. In this sense, once adsorption is a surface
phenomenon, N2 physisorption (nitrogen porosimetry), X-ray diffraction (XRD), Fourier Transform
Infrared Spectroscopy (FTIR) and thermogravimetry analysis (TGA/DTG) are useful before the ex-
perimental procedures of gas adsorption onto MOFs (TIEN, 2019). Therefore, N2 physisorption is
based on the obtention of adsorption and desorption data of molecular nitrogen on the MOFs sample.
Thus, through the use of Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH), the tex-
tural properties of the MOFs (i.e., surface area, pore volume, pore diameter) are evaluated.

XRD and FTIR are useful for the investigation of the structure (phases and crystallinity) of
the nanoadsorbetns and the functional groups present in their composition. Therefore, the organic
matter of the MOFs has been commonly determined from FTIR, whereas the inorganic counterpart
was from XRD. Furthermore, Scanning Electron Microscopy with Energy-dispersive X-ray spectros-
copy (SEM-EDS) is one of the characterization techniques very useful to describe MOFs, where the
main feature is the identification of the nanoadsorbent morphology and elemental composition. More-
over, X-ray photoelectron spectroscopy (XPS) characterization assay has been used to identify the

surface chemistry, elemental composition and electronic state of the MOFs (ANADEBE et al., 2022).

MATERIAL AND METHODS

The present study was based on a literature review on the topic metal-organic hybrid nanoad-
sorbents (metal-organic frameworks - MOFs) applied in the purification of hazardous gases. For this,
a scientific article was searched on the Scopus and Science Direct platforms, where 55 articles were
found, 21 of which were excluded because they were repeated in one of the bases, because they dealt
with adsorption in liquid phase or involved applications other than the purification of the material. at-
mospheric air. The descriptors used were “MOF” AND “adsorption” AND “gas removal”, according
to Boolean Logic. Figure 2 illustrates the results found during the years 2010 to 2020, while Figure 3

provides, in the same period, information about the number of publications worldwide.
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Figure 2 - Published scientific papers from January 2010 to December 2022,
using the keywords “MOF” AND “adsorption” AND “gas removal”.
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Figure 3. Published scientific papers per country from January 2010 to December 2022.
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As observed in the figures, it is possible to affirm that the number of publications involving

MOFs has increased considerably over the years, being more common in developed countries.
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RESULTS AND DISCUSSION

ADSORPTION ISOTHERMS

Due to most papers investigated in this review were predominantly theoretical, few make di-
rect use of mathematical models of adsorption equilibrium, such as Freundlich and Langmuir. Thus,
some characterization techniques such as thermogravimetric analysis - TGA and Fourier Transform
infrared spectroscopy - FTIR have been applied to determine the adsorption of gaseous pollutants
quantitatively and qualitatively in MOFs. CO, and H,S adsorption analyzers are frequently reported
in the literature (POKHREL et al., 2018; WU et al., 2018; (CHANG et al., 2020).

On the other hand, from the present search, a linear isotherm was found as an adjustment
model to the experimental data of adsorption (CH,, N, and BTX), obtaining 1.8 mmol g' for CH, at
a pressure of 0.5-1 bar, at 298 K. At the same time, the Langmuir model was found to fit the experi-
mental data of adsorption of CH,, CO, (25 °C, 20 bar, 2h) and H,S (25 °C, 10 bar, 2h), with maximum
adsorption capacities of 4.4, 10.8 and 18.8 mmol g in ZIF-8 type MOFs.

Although most of the studies found have a theoretical nature, the experimental works report an
adsorptive capacity of gaseous pollutants (CO,, H,S, SO, and NH,,) in the order of 0.5-2.5 mmol g-1
under typical adsorption in gas-phase: 298 K, 1-4 bar and adsorbate saturated environments. Given
this scenario, the MOFs ZIF-8, Cu-BTC and Mg-MOF-74 are the ones with the highest adsorption ca-
pacity for the gases mentioned in the present investigation. In parallel, for the adsorption of CO,, H,S
and a mixture of C;H, and C,H,, performance of 80 and 90% of ZIF-8 and Cu-BTC or copper-based
MOFs are reported after 4 and 6 adsorption cycles - T= 298 K, 1-20 bar, 30-50 mg nanoadsorbent
(YANG et al., 2018, CHANG et al., 2020).

KINETIC OF ADSORPTION

Although several studies found from this review analyze the time required to reach adsorp-
tion equilibrium, only one research mentions the adjustment of experimental data to pseudo-first and
pseudo-second order kinetic models. In their research, Chang ez al. (2020) reports the adsorption of CO,
on nanoadsorbent ZIF-8 associated with MgO. It is confirmed, through his research, that the best fit of
the data is obtained when applied to the pseudo-second order model. Therefore, it can be inferred that
adsorption in the mentioned system occurs predominantly by chemical mechanisms (SONG et al., 2016).

Furthermore, it is reported by the same author that when using the same nanostructure (ZIF-8),
but associated with ZnO, the physical adsorption mechanism predominates. This is due to the fact that
magnesium is characterized as a stronger Lewis acid than zinc, interacting more intensely with CO,

molecules (LUEKING et al., 2016).
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Nevertheless, it is worth mentioning that several authors have evaluated the kinetics of adsorp-
tion using the rupture time test, in a continuous regime (POKHREL et al., 2018; BHORIA et al., 2020;
PELLEJERO et al., 2020). From the selected works, it can be seen that when MOFs are functionalized
or associated with oxides, not only is the break-up time doubled, but also its adsorptive capacity results
in an increase of approximately 30 to 40% (POKHREL et al., 2018; PELLEJERO et al., MOHIDEEN
et al., 2017, CALERO et al., 2011). In this context, the potential of both isolated MOFs and MOFs
functionalized or associated with other compounds (graphite, graphene oxide, polyethyleneimine) is

confirmed in the remediation of hazardous gases with a strongly acidic character, on an industrial scale.

DESORPTION

The desorption step proves to be crucial to evaluate the application of a nanoadsorbent at an
industrial level (SUN et al., 2014; BAHAMON et al., 2018). Therefore, in all the studies investigated
in this review, the conditions of the process of desorption of gaseous pollutants from MOFs were
evaluated. As noted, the desorption processes employed are based on gas entrainment or N, purge
(PELLEJERO et al., 2020), as well as thermal methods (CHANG et al., 2020).

It should be noted that MOFs alone, as they present a predominantly physical mechanism of
adsorption of gaseous pollutants, are characterized as viable from an industrial point of view, since
they require low temperatures or reduced inert gas entrainment flows (ZHOU et al., 2018) to be re-
generated. However, when associated with oxides or functionalized, they result in more favorable
conditions of the desorption process, since the temperature used is significantly reduced - in the order

of 100 to 200 °C (JAMEH et al., 2019; PETIT; BANDOSZ, 2015).

CONCLUSIONS

From the works found in the literature, it is possible to confirm the metal-organic hybrid nano-
adsorbents (MOFs) as potential atmospheric air purifiers. These nanostructured materials are charac-
terized by their significant thermal stability and high affinity with inorganic vapors (CO, CO,, NO,,
H,S, SO,), volatile and semi-volatile chemical compounds (aromatic compounds, aliphatic hydrocar-
bons, volatile fatty acids and formaldehyde) of high toxicity, whether of organic or inorganic origin.
For this reason, MOFs have been used in various processes of gas storage and separation, wastewater
purification to remove highly toxic contaminants, as well as applications in industrial gas sensors. It
is important to mention that there is a lack of a detailed discussion of the thermodynamic and kinetic
mechanisms and models of gas-phase adsorption, as well as the exploration of equilibrium models.

As future perspectives, it is necessary to investigate the toxicity tests of MOFs when in contact

with living organisms and research involving scale-up. In addition, it is essential to invest in research
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aimed at the synthesis, characterization and application of MOFs in Brazil, since from this research

few works on the subject were found in the literature.

REFERENCES

ADGATE, J. L.; GOLDSTEIN, B. D.; MCKENZIE, L. M. Potential public health hazards, exposures
and health effects from unconventional natural gas development. Environmental Science and Tech-
nology, v. 48, p. 8307-8320, 2014. DOI: https://doi.org/10.1021/es404621d

ANADEBE, V. C.; CHUKWIKE, V. I.; RAMANATHAN, S.; BARIK, R. C. Cerium-based metal or-
ganic framework (Ce-MOF) as corrosion inhibitor for APT 5L X65 steel in CO,- saturated brine

solution: XPS, DFT/MD-simulation, and machine learning model prediction. Process Safety and
Environmental Protection, v. 168,p.499-512,2022. DOI: https://doi.org/10.1016/j.psep.2022.10.016

BAHAMON, D.; DIAZ-MARQUEZ, A.; GAMALLO; P., VEGA, L. F. Energetic evaluation of swing
adsorption processes for CO, capture in selected MOFs and zeolites: Effect of impurities. Chemical
Engineering Journal, v. 342, p. 458-473, 2018. DOI: https://doi.org/10.1016/j.cej.2018.02.094

BAMBERGER, M.; OSWALD, R. E. Impacts of gas drilling on human and animal health. NEW
SOLUTIONS: A Journal of Environmental and Occupational Health Policy, v. 22, p. 51-77,
2012. DOI: https://doi.org/10.2190/ns.22.1.e

BAREA, E.; MONTORO, C.; NAVARRO, J. A. R. Toxic gas removal - metal-organic frameworks for
the capture and degradation of toxic gases and vapors. Chemical Society Review, 43, p. 5419-5430,
2014. DOI: https://doi.org/10.1039/C3CS60475F

BHORIA, N.; BASINA, G.; POKHREL, J.; REDDY, K. S. K.; ANASTASIOU, S.; BALASUBRA-
MANIAN, V. V.; KARANIKOLOS, G. N. Functionalization effects on HKUST-1 and HKUST-1/
graphene oxide hybrid adsorbents for hydrogen sulfide removal. Journal of Hazardous Materials,
v. 394, 122565, 2020. DOI: https://doi.org/10.1016/j.jhazmat.2020.122565

BUNCH, A.; PERRY, C.; ABRAHAM, L.; WIKOFF, D.; TACHOVSKY, J., HIXON, J.; HAWS, L.
Evaluation of impact of shale gas operations in the Barnett Shale region on volatile organic compounds
in air and potential human health risks. Science of The Total Environment, v. 468-469, p 832-842,
2014. DOI: https://doi.org/10.1016/j.scitotenv.2013.08.080



70 Disciplinarum Scientia. Série: Naturais e Tecnoldgicas, Santa Maria, v. 23, n. 3, p. 57-77, 2022.
BURTCH, N. C.; JASUJA, H.; WALTON, K. S. Water stability and adsorption in metal-organic fra-
meworks. Chemical Reviews, v. 114, p. 10575-10612, 2014. DOI: https://doi.org/10.1021/cr5002589

CALERO, S.; MARTIN-CALVO, A.; HAMAD, S.; GARCIA-PEREZ, E. On the performance of
cuBTC metal organic framework for carbon tetrachloride gas removal. Chemical Communications.,

v. 47, p. 508-510, 2011. DOI: https://doi.org/10.1039/c0cc02194f

CHANG, C.-W.; KAO, Y.-H.; SHEN, P.-H.; KANG, P.-C.; WANG, C.-Y. Nanoconfinement of metal
oxide MgO and ZnO in zeolitic imidazolate framework ZIF-8 for CO, adsorption and regeneration.
Journal of Hazardous Materials, v. 400, 122974, 2020. DOI: https://doi.org/10.1016/j.jhazmat.
2020.122974

CHEN, H.; NANAYAKKARA, C. E.; GRASSIAN, V. H. Titanium dioxide photocatalysis in
atmospheric chemistry. Chemical Reviews, v. 112, p. 5919-5948, 2012. DOI: https://doi.org/10.1021/
¢cr3002092

CUMERAS, R.; CORREIG, X. Volatile organic compound analysis in biomedical diagnosis
applications. New York: Apple Academic Press, 2018. ISBN: 9781771887441

DO NASCIMENTO; R. F., DE LIMA; A. C. A.; VIDAL, C. B.; DE QUADROS MELO, D
RAULINO, G. S. C. Adsorc¢ao: aspectos tedricos e aplicacoes ambientais. Fortaleza: Imprensa

Universitaria da Universidade Federal do Ceara (UFC), 2014.

DOU, B.; HU, Q.; LI, J.; QIAO, S.; HAO, Z. Adsorption performance of VOCs in ordered mesopo-
rous silicas with different pore structures and surface chemistry. Journal of Hazardous Materials,

v. 186, p. 1615-1624, 2011. DOI: https://doi.org/10.1016/j.jhazmat.2010.12.051

DUBININ, M. M.; RADUSHKEVICH, L. V. Equation of the characteristic curve of activated
charcoal. Proceedings of the Academy of Sciences of the USSR, v. 55, p. 331-333, 1947.

FARHA, O. K.; ERYAZICI, 1.; JEONG, N. C.; HAUSER, B. G.; WILMER, C. E.; SARJEANT, A.
A.; HUPP, J. T. Metal-organic framework materials with ultrahigh surface areas: Is the sky the limit?
Journal of the American Chemical Society, v. 134, p. 15016-15021, 2012. DOI: https://doi.org/
10.1021/ja3055639



Disciplinarum Scientia. Série: Naturais € Tecnoldgicas., Santa Maria, v. 23. n. 3. p. 57-77. 2022. 71
FENG, S.; LI, X.; ZHAO, S.; HU, Y.; ZHONG, Z.; XING, W.; WANG, H. Multifunctional

metal organic framework and carbon nanotube-modified filter for combined ultrafine dust capture

and SO, dynamic adsorption. Environmental Science: Nano, v. 5, p. 3023-3031, 2018. DOI: https://
doi.org/10.1039/C8EN01084F

FREUNDLICH, H. Uber die Adsorption in Losungen, Zeitschrift fiir Physikalische Chemie, v. 57U,
p. 385-470, 1907. DOL: https://doi.org/10.1515/zpch-1907-5723

FRIEHS, E.; ALSALKA, Y.; JONCZYK, R.; LAVRENTIEVA, A.; JOCHUMS, A.; WALTER, J.-G.;
BAHNEMANN, D. Toxicity, phototoxicity and biocidal activity of nanoparticles employed in
photocatalysis. Journal of Photochemistry and Photobiology C: Photochemistry Reviews, v. 29,
p. 1-28, 2016. DOI: https://doi.org/10.1016/j.jphotochemrev.2016.09.001

GELLES, T.; KRISHNAMURTHY, A.; ADEBAYO, B.; ROWNAGHI, A.; REZAEI, F. Abatement
of gaseous volatile organic compounds: A material perspective. Catalysis Today, v. 350, p. 3-18,

2020. DOI: https://doi.org/10.1016/j.cattod.2019.06.017

GERSEN, S.; VAN ESSEN, M.; VISSER, P, AHMAD, M.; MOKHOV, A.; SEPMAN, A
LEVINSKY, H. Detection of H,S, SO, and NO, in CO, at pressures ranging from 1-40 bar by using
broadband absorption spectroscopy in the UV/VIS range. Energy Procedia, v. 63, p. 2570-2582,
2014. DOI: https://doi.org/10.1016/j.egypro.2014.11.279

HO, Y.; MCKAY, G. Pseudo-Second Order Model for Sorption Processes. Process Biochemistry,
v. 34, p. 451-465, 1999. DOI: https://doi.org/10.1016/S0032-9592(98)00112-5

HWANG, Y.; HONG, D.-Y.; CHANG, J.-S.; JHUNG, S.; SEO, Y.-K.; KIM, I.; FEREY, G. Amine
grafting on coordinatively unsaturated metal centers of MOFs: Consequences for catalysis and metal
encapsulation. Angewandte Chemie International Edition, v.47, p. 4144-4148, 2008. DOI: https://
doi.org/10.1002/anie.200705998

International Organization Standardization-ISO. Nanotechnologies - vocabulary - part 1: Core terms,
technical specification. ISO/TC 229, 2015.

JAMEH, A. A.; MOHAMMADI, T.; BAKHTIARI, O.; MAHDYARFAR, M. Synthesis and modifi-
cation of zeolitic imidazolate framework (ZIF-8) nanoparticles as highly efficient adsorbent for H,S
and CO, removal from natural gas. Journal of Environmental Chemical Engineering, v. 7, 103058,
2019. DOI: https://doi.org/10.1016/j.jece.2019.103058



72 Disciplinarum Scientia. Série: Naturais ¢ Tecnoldgicas, Santa Maria, v. 23. n. 3. p. 57-77. 2022.

JAMES, S. L. Metal-organic frameworks. Chemical Society Reviews, v. 32, p. 276-288, 2003. DOI:
https://doi.org/10.1039/B200393G

KAMAL, M. S.; RAZZAK, S. A.; HOSSAIN, M. M. Catalytic oxidation of volatile organic
compounds (VOCs) - a review. Atmospheric Environment, v. 140, p. 117-134., 2016. DOI: https://
doi.org/10.1016/j.atmosenv.2016.05.031

KANG, M.; KANG, D. W.; HONG, C. S. Post-synthetic diamine-functionalization of MOF - 74 type
frameworks for effective carbon dioxide separation. Dalton Transactions, v. 48, p. 2263-2270, 2019.
DOI: https://doi.org/10.1039/C8DT04339F

KIM, K.-H.; SZULEJKO, J. E.; KUMAR, P.; KWON, E. E.; ADELODUN, A. A.; REDDY, P. A. K.
Air ionization as a control technology for off-gas emissions of volatile organic compounds. Environ-

mental Pollution, v. 225, p. 729-743, 2017. DOI: https://doi.org/10.1016/j.envpol.2017.03.026

KUMAR, P.; KIM, K.-H.; KWON, E. E.; SZULEJKO, J. E. Metal-organic frameworks for the control
and management of air quality: advances and future direction. Journal of Materials Chemistry A,
v. 4, p. 345-361, 2016. DOI: https://doi.org/10.1039/C5TA07068F

KUMAR, V.; KUMAR, S.; KIM, K.-H.; TSANG, D. C.; LEE, S.-S. Metal organic frameworks as
potent treatment media for odorants and volatiles in air. Environmental Research, v. 168, p. 336-356,
2019. DOI: https://doi.org/10.1016/j.envres.2018.10.002

LAGERGREN, S.Y. D. Zur Theorie der Sogenannten Adsorption Geldster Stoffe. Kungliga Svenska
Vetenskapsakademiens Handlingar, v. 24, p. 1-39, 1898. DOI: https://doi.org/10.1007/bf01501332

LANGMUIR, I. The Adsorption of Gases on Plane Surface of Glass, Mica and Platinum. Journal of
the American Chemical Society, 40, 1361-1403, 1918. DOI: https://doi.org/10.1021/ja02242a004

LEE, M.; SHEVLIAKOVA, E.; STOCK, C. A.; MALYSHEY, S.; MILLY, P. C. D. Prominence of the
tropics in the recent rise of global nitrogen pollution. Nature Communications, v. 10, 1437, 2019.
DOI: https://doi.org/10.1038/s41467-019-09468-4

LEE, S.-J.; KIM, S.; KIM, E.-J.; KIM, M.; BAE, Y.-S. Adsorptive separation of xenon/krypton mix-
tures using ligand controls in a zirconium-based metal-organic framework. Chemical Engineering

Journal, v. 335, p. 345-351, 2018. DOL: https://doi.org/10.1016/j.cej.2017.10.155



Disciplinarum Scientia. Série: Naturais € Tecnoldgicas., Santa Maria, v. 23. n. 3. p. 57-77. 2022. 73
LIMA, R. C.; BIESEKI, L.; MELGUIZO, P. V.; PERGHER, S. B. C. Environmentally friendly
zeolites. Cham: Springer International Publishing, 2019.

LIU, H.-Y.; GAO, G.-M.; BAO, F.-L.; WEIL Y.-H.; WANG, H.-Y. Enhanced water stability and
selective carbon dioxide adsorption of a SOC-MOF with amide-functionalized linkers. Polyhedron,
v. 160, p. 207-212, 2019. DOI: https://doi.org/10.1021/acs.chemmater.6b02817

LOLLAR, C. T.; QIN, J.-S.; PANG, J.; YUAN, S.; BECKER, B.; ZHOU, H.-C. Interior decoration
of stable metal-organic frameworks. Langmuir, v. 34, p. 13795-13807, 2018. DOI: https://doi.org/
10.1021/acs.langmuir.8b00823

LUEKING, A. D.; WANG, C.-Y.; SIRCAR, S.; MALENCIA, C.; WANG, H.; LI, J. A generalized
adsorption-phase transition model to describe adsorption rates in flexible metal organic frame-
work RPM3-Zn. Dalton Transactions, v. 45, p. 4242-4257, 2016. DOI: https://doi.org/10.1039/
C5DT03432A

MACEY,G.P.;BREECH, R.; CHERNAIK,M.; COX,C.; LARSON,D.; THOMAS, D.; CARPENTER,
D. O. Air concentrations of volatile compounds near oil and gas production: a community-based
exploratory study. Environmental Health, v. 13, p. 82-95, 2014. DOI: https://doi.org/10.1186/
1476-069X-13-82

MAITLO, H. A.; KIM, K.-H.; KHAN, A.; SZULEJKO, J. E.; KIM, J. C.; SONG, H. N.; AHN, W.-S.
Competitive adsorption of gaseous aromatic hydrocarbons in a binary mixture on nanoporous cova-

lent organic polymers at various partial pressures. Environmental Research, v. 173, p. 1-11, 2019.
DOI: https://doi.org/10.1016/j.envres.2019.03.028

METCALF & EDDY, INC.; TCHOBANOGLOUS, G.; STENSEL, H.; TSUCHIHASHI, R.;
BURTON, F. Wastewater engineering: Treatment and resource recovery. Sth Edition. New York:
McGraw-Hill, 2014. ISBN13: 9780073401188

MOHIDEEN, M. I. H.; PILLAI, R. S.; ADIL, K.; BHATT, P. M.; BELMABKHOUT, Y.;
SHKURENKO, A.; EDDAOUDI, M. A fine-tuned MOF for gas and vapor separation: A multipurpose
adsorbent for acid gas removal, dehydration, and BTX sieving. Chem, v. 3, p. 822833, 2017. DOI:
https://doi.org/10.1016/j.chempr.2017.09.002



74 Disciplinarum Scientia. Série: Naturais ¢ Tecnoldgicas, Santa Maria, v. 23. n. 3. p. 57-77. 2022.

MOUNFIELD, W. P.; TUMULURI, U.; JIAO, Y.; LI, M.; DAL S.; WU, Z.; WALTON, K. S. Role of

defects and metal coordination on adsorption of acid gases in MOFs and metal oxides: An in situ IR
spectroscopic study. Microporous and Mesoporous Materials, v. 227, p. 65-75, 2016. DOI: https://
doi.org/10.1016/j.micromeso.2016.02.023

NATIONAL INSTITUTE FOR OCCUPATIONAL SAFETY AND HEALTH - NIOSH. Pocket
Guide to Chemical Hazards. Cincinnati, OH: U.S. Department of Health and Human Services,
Public Health Service, Centers for Disease Control. National Institute for Occupational Safety and

Health, DHHS (NIOSH), 2005.

OH, M.-K.; DE, R.; YIM, S.-Y. Highly sensitive VOC gas sensor employing deep cooling of SERS
film. Journal of Raman Spectroscopy, v. 49, p. 800-809, 2018. DOI: https://doi.org/10.1002/jrs.5355

PARALOVO, S. L.; BARBOSA, C. G.; CARNEIRO, 1. P.; KURZLOP, P.; BORILLO, G. C,;
SCHIOCHET, M. F. C.; GODOI, R. H. Observations of particulate matter, NO,, SO,, O,, H,S and
selected VOCs at a semi-urban environment in the amazon region. Science of The Total
Environment, v. 650, p. 996-1006, 2019. DOI: https://doi.org/10.1016/j.scitotenv.2018.09.073

PELLEJERO, I.; ALMAZAN, F.; LAFUENTE, M.; URBIZTONDO, M. A.; DROBEK, M.;
BECHELANY, M.; GANDIA, L. M. Functionalization of 3D printed ABS filters with MOF for toxic
gas removal. Journal of Industrial and Engineering Chemistry, v. 59, p. 569-586, 2020. DOI:
https://doi.org/10.1016/j.jiec.2020.05.013.

PETIT, C.; BANDOSZ, T. J. Engineering the surface of a new class of adsorbents: Metal-organic
framework/graphite oxide composites. Journal of Colloid and Interface Science, v. 447, p. 139-151,
2015. DOI: https://doi.org/10.1016/].j¢1s.2014.08.026

POKHREL, J.; BHORIA, N.; ANASTASIOU, S.; TSOUFIS, T.; GOURNIS, D.; ROMANOS, G.;
KARANIKOLOS, G. N. CO, adsorption behavior of amine-functionalized ZIF-8, graphene oxide,
and ZIF8/graphene oxide composites under dry and wet conditions. Microporous and Mesoporous

Materials, v. 267, p. 53-67, 2018. DOI: https://doi.org/10.1016/j.micromeso.2018.03.012

POKHREL, J.; BHORIA, N.; WU, C.; REDDY, K. S. K.; MARGETIS, H.; ANASTASIOU, S.;
KARANIKOLOS, G. N. Cu and Zr-based metal organic frameworks and their composites with
graphene oxide for capture of acid gases at ambient temperature. Journal of Solid-State Chemistry,
v. 266, p. 233-243, 2018. DOI: https://doi.org/10.1016/j.jssc.2018.07.022



Disciplinarum Scientia. Série: Naturais € Tecnoldgicas., Santa Maria, v. 23. n. 3. p. 57-77. 2022. 75

SHEN, Y.; ZHANG, N. Facile synthesis of porous carbons from silica-rich rice husk char for volatile
organic compounds (VOCs) sorption. Bioresource Technology, v. 282, p. 294-300, 2019. DOI:
https://doi.org/10.1016/j.biortech.2019.03.025

SONG, G.; ZHU, X.; CHEN, R.; LIAO, Q.; DING, Y.-D.; CHEN, L. An investigation of CO,
adsorption kinetics on porous magnesium oxide. Chemical Engineering Journal, v. 283, p. 175-183,
2016. http://dx.doi.org/10.1016/j.cej.2015.07.055

STOCK, N.; BISWAS, S. Synthesis of metal-organic frameworks (MOFs): Routes to various MOF
topologies, morphologies, and composites. Chemical Reviews, v. 112, p. 933-969, 2011. DOI:
https://doi.org/10.1021/cr200304e

SUN, W.; LIN, L.-C.; PENG, X.; SMIT, B. Computational screening of porous metal-organic
frameworks and zeolites for the removal of SO, and NO_ from flue gases. AIChE Journal, v. 60,
p. 2314-2323, 2014. DOI: https://doi.org/10.1002/aic.14467

SUPRONOWICZ, B.; MAVRANDONAKIS, A.; HEINE, T. Interaction of small gases with the
unsaturated metal centers of the HKUST-1 metal organic framework. The Journal of Physical
Chemistry C, v. 117, p. 14570-14578, 2013. DOI: https://doi.org/10.1021/jp4018037

TANG, J.; AN, T.; XIONG, J.; LI, G. The evolution of pollution profile and health risk assessment for
three groups VOCs pollutants along with Beijiang River, China. Environmental Geochemistry and
Health, v. 39, p. 1487-1499, 2017. DOI: https://doi.org/10.1007/s10653-017-9936-3

TEMKIN, M. L.; PYZHEYV, V. Kinetics of ammonia synthesis on promoted iron catalyst. Acta USSR,
v. 12, p. 327-356, 1940. 10.12691/ijebb-4-2-4

THERON, J.; WALKER, J. A.; CLOETE, T. E. Nanotechnology and water treatment: Applications
and emerging opportunities. Critical Reviews in Microbiology, v. 34, p. 43-69, 2008. DOI: https://
doi.org/10.1080/10408410701710442

TIEN, C. Introduction to adsorption: Basics, analysis, and applications. Amsterdam: Elsevier, 2019.
ISBN: 9780128164464



76 Disciplinarum Scientia. Série: Naturais ¢ Tecnoldgicas, Santa Maria, v. 23. n. 3. p. 57-77. 2022.
VELLINGIRI, K.; KIM, K.-H.; KWON, E. E.; DEEP, A.; JO, S.-H.; SZULEJKO, J. E. Insights into

the adsorption capacity and breakthrough properties of a synthetic zeolite against a mixture of various

sulfur species at low ppb levels. Journal of Environmental Management, v. 166, p. 484-492, 2016.
DOI: https://doi.org/10.1016/j.jenvman.2015.10.053

VIKRANT, K.; KIM, K.-H.; KUMAR, S.; BOUKHVALOV, D. W. Metal-organic frameworks for
the adsorptive removal of gaseous aliphatic ketones. ACS Applied Materials & Interfaces, v. 12,
p. 10317-10331, 2020. DOI: https://doi.org/10.1021/acsami.9b20375

VIKRANT, K.; NA, C.-J.; YOUNIS, S. A.; KIM, K.-H.; KUMAR, S. Evidence for superiority of
conventional adsorbents in the sorptive removal of gaseous benzene under real-world conditions:

Test of activated carbon against novel metal-organic frameworks. Journal of Cleaner Production,

v. 235, p. 1090-1102, 2019. DOI: https://doi.org/10.1016/].jclepro.2019.07.038

VILELA, P. B.; MATIAS, C.A.; DALALIBERA, A.; BECEGATO, V.A.; PAULINO, A.T. Polya-
crylic acid-based and chitosan-based hydrogels for adsorption of cadmium: Equilibrium isotherm,
kinetic and thermodynamic studies. Journal of Environmental Chemical Engineering, v. 7 103327,
2019. DOI: https://doi.org/10.1016/j.jece.2019.103327.

WEN, M.; L1, G.; LIU, H.; CHEN, J.; AN, T.; YAMASHITA, H. Metal-organic framework-based
nanomaterials for adsorption and photocatalytic degradation of gaseous pollutants: recent progress
and challenges. Environmental Science: Nano, v. 6, p. 1006-1025, 2019. DOI: https://doi.org/
10.1039/C8ENO01167B

WORCH, E. Adsorption technology in water treatment: Fundamentals, processes, and modeling.
Boston: De Gruyter, 2012. DOI: https://doi.org/10.1515/9783110240238

XIE, L.-H.; XU, M.-M.; LIU, X.-M.; ZHAO, M.-J.; LI, J.-R. Hydrophobic metal-organic frame-
works: Assessment, construction, and diverse applications. Advanced Science, v. 7, 1901758, 2020.
DOI: https://doi.org/10.1002/advs.201901758

YAN, Y.; LI, C.; WU, Y.; GAO, J.; ZHANG, Q. From isolated Ti - Oxo clusters to infinite Ti - Oxo
chains and sheets: recent advances in photoactive Ti-based MOFs. Journal of Materials Chemistry
A, v. 8, p. 15245-15270, 2020. DOI: https://doi.org/10.1039/D0TA03749D



Disciplinarum Scientia. Série: Naturais € Tecnoldgicas., Santa Maria, v. 23. n. 3. p. 57-77. 2022. 77

YANG, L.; CUL X.; ZHANG, Y.; YANG, Q.; XING, H. A highly sensitive flexible metal-organic

framework sets a new benchmark for separating propyne from propylene. Journal of Materials
Chemistry A, v. 6, p. 24452-24458, 2018. DOI: https://doi.org/10.1039/C8TA08198K

ZHANG, G., FEIZBAKHSHAN, M., ZHENG, S., HASHISHO, Z., SUN, Z., & LIU, Y. Effects of
properties of minerals adsorbents for the adsorption and desorption of volatile organic compounds

(VOC). Applied Clay Science, v. 173, p. 88-96,2019. DOI: https://doi.org/10.1016/j.clay.2019.02.022

ZHANG, X.; GAO, B.; CREAMER, A. E.; CAO, C.; LI, Y. Adsorption of VOCs onto engineered
carbon materials: A review. Journal of Hazardous Materials, v. 338, p. 102-123,2017. DOI: https://
doi.org/10.1016/j.jhazmat.2017.05.013

ZHANG, X.; LI, H.; LV, X.; XU, J.; WANG, Y.; HE, C.; WANG, Y. Facile synthesis of highly
efficient amorphous mn-MIL-100 catalysts: Formation mechanism and structure changes during
application in CO oxidation. Chemistry - A European Journal, v. 24, p. 8822-8832, 2018. DOI:
https://doi.org/10.1002/chem.201800773

ZHAO, B.; WANG, S.; WANG, J.; FU, J. S.; LIU, T.; XU, J.; HAO, J. Impact of national NO_and
SO, control policies on particulate matter pollution in China. Atmospheric Environment, v. 77,
p. 453-463, 2013. DOI: https://doi.org/10.1016/j.atmosenv.2013.05.012

ZHOU, X.; SU, Z.; CHEN, H.; XIAO, X.; QIN, Y.; YANG, L.; SUN, W. Capture of pure toxic
gases through porous materials from molecular simulations. Molecular Physics, v. 116, p. 2095-2107,
2018. DOI: https://doi.org/10.1080/00268976.2018.1440019








