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The growing accumulation of emerging contaminants in the environment can cause
direct and indirect water pollution that puts human lives at risk. The fact that these
contaminants are not or cannot be eliminated from the municipal water utilities, poses
a significant concern. Researchers are currently pulling massive attention to improve
existing technologies, develop new strategies, and provide environmentally durable
solutions to mitigate water contamination problems. Adsorption and photodegradation
are two of the most sustainable technologies that are used in water purification. These
technologies have many advantages because of the economic, simple, and easily
operated designs needed to treat wastewater. Within these applications, metal organic
frameworks (MOFs) are playing a significant role as novel class of porous materials
characterized by a crystalline structure. MOFs are considered good candidates to
be employed in wastewater treatment technologies because of the tunability of their
features. The scope of this review article is to provide a comprehensive description of the
recent studies published in the literature about the adsorptive and photocatalytic use of
MOFs for the removal of organic emerging contaminants from wastewater. Furthermore,
this study briefly highlights the synthesis technologies of MOFs. Finally, future perspective
and challenges associated with MOF large-scale production are discussed.

Keywords: metal organic frameworks, MOFs, emerging contaminants, adsorption, photodegradation, wastewater
treament

INTRODUCTION

In the last few decades, much attention has been devoted to emerging contaminants (ECs), a
new class of water pollutants, including natural and synthetic chemicals and their transformation
products, e.g., personal care products, pharmaceutical compounds, and endocrine-disrupting
products. The presence of these ECs in wastewater is considered an environmental issue due
to the consequent verified toxicity for water ecosystems and health (Rodriguez-Narvaez et al.,
2017). On the other hand, these products are not commonly monitored in the environment (Tran
et al,, 2018). Other emerging contaminants in the environment are nanomaterials, perfluorinated
compounds, pesticides, industrial chemicals, surfactants, flame retardants, disinfection byproducts
(DBPs), artificial sweeteners (Richardson and Kimura, 2017), etc. These contaminants come from
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many different sources, such as industrial, municipal, and
hospital wastewater treatment plants (WWTP), sewer leakage,
landfill leachate, etc. (Rasheed et al., 2019). Typical wastewater
treatment processes do not adequately remove ECs (Ryu et al.,
2014; Tran et al, 2018). Although their concentration in
the environment is low, ranging from ng/L to ng/L, these
compounds are pseudo-persistent due to their continuous
discharge (Fairbairn et al., 2018). This creates the risk of chronic
exposure for living organisms, especially due to pharmaceuticals.
The adverse effects of the interaction of ECs with living organisms
include alteration of animal endocrine systems, reduced fertility
and fecundity, and masculinization of females and feminization
of males (Ruhi et al., 2016). Moreover, continuous discharge of
antimicrobial agents and antibiotics can lead to the development
of antibiotic-resistant bacteria, thus, reducing the effectiveness of
these compounds against pathogens (Rodriguez-Narvaez et al.,
2017). Richardson and Ternes investigated in their biennial
review the recent developments and the current issues about ECs
(Richardson and Ternes, 2018). They highlighted the presence,
analysis, and the fate of different ECs in the environment. In
addition, they presented the acceptable levels of ECs in water
that are regulated by the World Health Organization (WHO) for
water quality (Dhakshinamoorthy et al., 2019).

Water treatment technologies can be divided into biological
treatment, phase changing, and advanced oxidation processes
(Cheremisinoff, 2007). The most common technologies for
biological treatment of waste waters involve the use of activated
sludge in aerobic or anaerobic conditions; phase-changing
processes are based on the sorption of the contaminant
from the aqueous phase to the surface of a porous solid
material (adsorbent); advanced oxidation processes (AOPs) are
based on in situ formation of non-selective, highly oxidizing
radicals to degrade the contaminant molecules. Investigation and
development of water treatment technologies, which are effective
for the abatement of this class of contaminants, are imperative
to ensure the use of safe water and reduce environmental
damage (Crini and Lichtfouse, 2019). Research is very active
in the development and performance improvement of new
nanomaterials, which could be employed as nanosorbcats (EI-
Qanni, 2017).

In the last two decades, attention has been drawn to
an innovative class of porous materials, known as metal
organic frameworks (MOFs). These compounds have been
first synthesized by Yaghi et al. (1995) and investigated for
numerous applications in wastewater treatment (Hasan et al.,
2012; Seo et al.,, 2016; Wu et al,, 2016; Akpinar and Yazaydin,
2017; Martinez-Costa et al., 2018; Daliran et al., 2020; Hu
et al, 2020), gas purification (Trickett et al, 2017), light
capture and energy conversion (Kreno et al., 2012), separation
processes (Yaghi et al., 2019), drug delivery (Rojas et al,
2019), and catalysis (Dhakshinamoorthy et al., 2019; Yang and
Gates, 2019; Wang Z. et al, 2020). The structure of MOFs
consists of metal centers and organic linkers to form infinite
crystalline networks (Butova et al, 2016; Yang and Gates,
2019). These organic and inorganic hybrid structures can be
categorized into metal carboxylate frameworks, metal azolate
frameworks, and MOFs, including hydrophobic functionalities.

These compounds are characterized by a crystalline structure
with a great flexibility in pore size, pore shape, functionality,
thermal stability, and high surface area (Eddaoudi et al., 2000;
Farha et al, 2012; Han et al, 2016). Such features grant
their versatility in sustainable removal of various contaminants
(Hasan and Jhung, 2015).

Several reviews summarized the different applications of
MOFs in wastewater purification (Furukawa et al., 2013;
Dhakshinamoorthy et al., 2018; Kumar et al, 2018; Mon
et al, 2018; Bedia et al, 2019; Rego et al., 2020; Wang
Q. et al,, 2020). However, MOF real industrial applications
were not thoroughly investigated and assessed (Kumar et al,
2018). These structures pose some drawbacks that can be
critical in the industrial utilization in water treatment, i.e.,
the intrinsic instability could limit the practical performance
of MOF as they may collapse in aqueous environments
(Rego et al., 2020).

The main focus of this study is to review the most
recent technologies in employing MOFs for the adsorptive and
photocatalytic removal of emerging contaminants in wastewater
streams. This is achieved by identifying the actual gaps and the
state-of-the-art trends in the scientific literature in this promising
research field.

ABATEMENT TECHNIQUES

Many different processes are reported recently for the abatement
of ECs as shown in Figure 1. These effective technologies are
(1) advanced oxidation processes, (2) phase-changing processes
including adsorption in different solid matrices and membrane
processes, and (3) biological treatment.

The main features of the mentioned technologies are listed
below, as an example for ibuprofen removal.

e Biological Filtration: water containing low levels of
ibuprofen were treated with a biologically active granular
activated carbon (GAC) filter unit, managing to reduce the
concentration to below the limits of quantification (< 1 ng/L)
(Vieno et al., 2007).

e Membrane separation: this kind of process has been proven
to be effective in eliminating ibuprofen from water sources.
Removal rates ranged between 92 and 99% using nanofilter
(NF) and reverse osmosis (RO) membranes with different
hydrodynamic ratios and starting ibuprofen concentrations
(Xu et al., 2005).

e Ozonation: one bench-scale study conducted on various
sources of wastewater found that the ibuprofen removal rate
ranged from 40 to 77%, varying as a function of organic
carbon concentration and pH (Nakada et al., 2007). Two other
bench-scale studies gave very different results, one reported an
average of 80% removal for four spiked surface waters (ozone
concentration range: 2.5-4 mg/L) (Huber et al.,, 2003), and
another one reported 12% removal in distilled water spiked
with ibuprofen (ozone concentration: 1 mg/L) (Westerhoft
et al., 2005). Results from another study about contaminated
surface water treatment using a pilot-scale system showed an
ibuprofen removal efficiency > 89% (Vieno et al., 2007).
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FIGURE 1 | Schematic of wastewater treatment technologies [inspired by Rodriguez-Narvaez et al. (2017)].
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e Adsorption: removal of ibuprofen with powdered activated
carbon (PAC) was reported to increase with PAC
concentration. In one bench-scale study it was found
that the ibuprofen removal rates ranged between 2 and 80%
with varying PAC concentrations in the 1-20-mg/L range
(Westerhoff et al., 2005).

e Ultraviolet (UV) radiation with an intensity designed to
simulate solar irradiation was reported to cause a range of
62-67% ibuprofen photodegradation in various source waters
spiked with high contaminant concentrations (10-40 mg/L)
(Mohamed et al., 2018).

ADSORPTION

Adsorption is a natural phenomenon where one or more
components of a fluid mixture are transferred on the surface of
a solid material by physical or chemical interaction, bringing to a
concentration variation compared to the adjacent phases (Russo
etal., 2016, 2017). Adsorption processes are commonly employed

in industrial environment for both compound separation and
wastewater treatment. This technology is characterized by many
attractive features, including cost effectiveness, ease of design
and operation, and resistance to toxic substances. The key
point of the cost analysis for adsorption technique is the cost
of the employed adsorbent (Russo et al., 2016). Since the
extent of adsorption greatly depends on the surface area of the
adsorbent, small particles characterized by high porosity are
required for industrial applications. Figure 2 demonstrates the
typical mechanism of adsorption where the sorbate molecules
covers the solid to form a film on the surface of the adsorbent
(Lowell et al., 2004).

Good mechanical properties such as abrasion resistance
are also needed for the adsorbent to be effectively used
for a great number of times (Tareq et al, 2019). There
are many types of adsorbents for great number of different
applications. The most commonly employed adsorbents include
silica, polymers, activated alumina, activated carbon, zeolites,
and clay, etc.
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FIGURE 2 | Adsorption process schematization.

PHOTOCATALYTIC DECOMPOSIION

Advanced oxidation processes (AOPs) are a special class of
wastewater treatment technologies aiming at the conversion
of the pollutants to water, CO;, and inorganic substances (by
mineralization). When not feasible, their conversion to smaller
and harmless products is preferred. Their potential to degrade
stable and bio-refractory compounds under ambient conditions
makes them prominent in the field of water purification research
(Gogate and Pandit, 2004). The denomination AOP comprises
a large variety of different technologies, all of which involve the
generation of hydroxyl radicals (OH), which rapidly attack most
organic species. The powerful, non-selective oxidative action
makes AOPs suitable for the degradation of complex mixtures
containing many different species (Ameta and Ameta, 2018).

Within AOPs, heterogeneous photodegradation is an
interesting option for wastewater treatment compared to
homogeneous processes, since the catalyst can be separated from
the reaction media, and hence reused, leading to a reduction
in costs and environmental issues (Poyatos et al., 2010). AOPs
can be conducted either in gas or liquid phase, the latter both
in aqueous and organic solutions. The process consists of five
elementary steps:

1. Migration of the reactant from the liquid bulk phase to the
photocatalyst surface;

2. Adsorption;

3. Surface reaction;

4. Desorption of the products;

5. Transfer of the products to the liquid bulk phase.

The catalyst is activated by photonic irradiation instead of
thermal means, as it occurs with conventional heterogeneous
catalysis.  Heterogeneous  photocatalysts are  typically

semiconductors (SCs) either sulfides (e.g., ZnS and CdS) or
oxides (e.g., TiO,, ZrO,, CeO,, and ZnO). These materials
are characterized by a specific value of energy gap between
conduction and valence band. A photocatalytic reaction is
initiated when the catalyst absorbs a photon whose energy, hv,
is greater than the band-gap, thus triggering a photoexcitation
process. In this process, an electron (e™) is promoted from the
valence band of the catalyst to its conduction band, leaving an
electron hole in the valence band (h™). At this point, electron
transfer takes place from solid surface to the adsorbed acceptor
(A) molecules and from the adsorbed donor (D) molecules to
the solid:

Photoexcitation :SC 2% ¢° + °h*
Reduction of acceptor: (A) 4 ° +
Oxidation of donor: (D)4 ° + °h* — DT

e — A”

Each ion resulting from this mechanism reacts, forming first
intermediates, then final oxidation products. Figure 3 is a sketch
of the AOP process.

Photoelectric energy dispersion occurs due to the electron-
hole recombination:

e +ht >N+ E

where E is the energy released in the form of heat or light (hv'
<° hv), and N is the neutral center resulting in a reduction of the
photoexcitation process efficiency (Herrmann, 2000).

The efficiency of the photodegradation reactions generally
depends upon the following operational parameters:

- Irradiation intensity

The photocatalytic reaction rate depends mainly on the quantity
of photons absorbed by the photocatalyst (Curco et al., 2002).
Consequently, by increasing the light intensity, a corresponding
increase in the rate of the reaction is observed.

- Structure and concentration of the substrate

These parameters influence the tendency of the substrate to
adhere to the catalyst surface with higher adhesion results in
a greater effectiveness of the oxidation process (Tariq et al.,
2007). However, if the substrate concentration is too high, the
catalyst surface becomes saturated, thus leading to a reduction
of photonic efficiency and deactivation (Arafa et al., 2004).

- Nature and morphology of the photocatalyst

These parameters influence the quantity of photons absorbed
by the catalyst. Photocatalysts characterized by small particle
size lead to higher conversion in photodecomposition of organic
compounds than those with large particles (Maira et al., 2001).

- Photocatalyst concentration

The rate of heterogeneous photocatalytic reactions increases
with catalyst concentration until a maximum. Further addition
of catalyst causes an unwanted light scattering, hence, a
decrease in the penetration of the light into the reacting
solution, thus resulting in a reduction in the reaction rate
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FIGURE 3 | Schematization of a photoexcitation process.
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Other

(Chun et al, 2000). This makes it necessary to determine
the optimum catalyst concentration, to maximize the catalyst
light absorption.

- Solution pH

The pH of the solution imposes properties of the surface,
its charge, and, hence, the kind of aggregates that can
be formed on the «catalyst surface. This fact clearly
influences substrate adhesion and ultimately reaction rate
(Haque and Muneer, 2007).

- Temperature of the reaction

Photocatalytic systems do not require heating and work at
room temperature, as the catalysts are activated by light.
Heating enhances the reaction kinetics, occurring at generally
a temperature range of 20°C < T < 80°C. Above 80°C,
the adsorption of the reactants becomes disfavored, being an
exothermic process, becoming the rate-limiting step of the
reaction network (Alnaizy and Akgerman, 2000). At lower
temperatures (—40°C < T < 0°C), the activity decreases, since
the rate-limiting step is the desorption of the final products
(Herrmann, 2000).

For industrial applications, heterogeneous photocatalysts
should be characterized by a series of characteristics, such
as activity, long-term stability at high reaction conditions,
poisoning resistance, attrition resistance, mechanical stability,
and chemical stability. The pretreatment of the catalyst, such as
calcination, sulfurization, or reduction, can influence the final
activity, and/or stability of the catalyst.

METAL ORGANIC FRAMEWORKS

Metal organic frameworks (MOFs) are coordination polymers
consisting of inorganic-organic hybrid frameworks showing
high porosity. Their structures are composed of metal centers
as connectors and organic ligands as linkers (Eddaoudi et al.,
2000; Cheng et al., 2020). Figure 4A represents the MOF basic
structure with organic linkers and the metal ions, and Figure 4B
gives examples on the different MOFs with their corresponding
metallic clusters and organic linkers (Howarth et al., 2017). The
most common structures of MOFs (Qiu et al., 2014) are shown in
Figure 4C.

MOFs are characterized by large pore surface area, with
micro- and mesopores, and very high designability of pore
shape, pore size, and surface functionality (Butova et al., 2016;
Li G. et al, 2020). These properties are very promising for
addressing various different challenges, which include treatment
of emerging contaminants through adsorption and catalysis
(Farrusseng, 2011). Currently, MOF synthesis is a very relevant
topic. In 2019, the Cambridge Structural Database (CSD) reports
75,600 different structures (Moghadam et al.,, 2017), with the
MOF types doubling every 3.9 years (Tranchemontagne et al.,
2008). A search in the Scopus database for articles on MOFs gives
the increased recent interest on this topic as shown in Figure 5.

There are many different methods for the synthesis of MOFs.
The most common and facile route is the solvothermal method,
where a mixture of metal salt is heated, and organic linkers
are dissolved in a solvent, above the boiling point of the
solvent itself (Yang and Bai, 2019). This method requires several

Frontiers in Chemical Engineering | www.frontiersin.org

October 2020 | Volume 2 | Article 581487


https://www.frontiersin.org/journals/chemical-engineering
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemical-engineering#articles

Russo et al.

MOFs for Water Treatment

A \ ]
=+ "' —_
~ ]
Organic Metal ions
linkers or clusters
B

&—&

terephthalic acid

YA

Z6040H),

£ + &

44" biphenyldicarbonylic Uo7 CHOOH),

;f;u

MIL-101(Cr)

ZrOJOH), terephthalic acid U066 1-methylimidazole zrs
-
Yor e -
+ b —s ‘l.
8 Jox
Fe,O(0H), tetrakis(d-carboxyphenyl) PON-600(M)

porphyrin

—4' - 1& o .

+ s ’\4'\_" ’ \
Paca Y e e

] . ~ .

.

ZiO(OHNHO)  AAA"A" (pyrene- 1368 NU-1000 ZrOJOHMH:O),  tetrakis(4-carboxyphenyl)

tetrayltetrabenzoic acid ‘porphyrin (Fe)

L |

the Royal Society of Chemistry.

& — @

FIGURE 4 | (A) Metallic organic framework (MOF) basic structure. (B) Examples of different MOFs structures with their corresponding metallic clusters and organic
linkers (Howarth et al., 2017), with permission from the American Chemical Society. (C) Examples of common MOFs structures (Qiu et al., 2014), with permission from

Bt

,‘1’2&
< "".

By

MIL-53

1o 4

Ni-CPO-27 Uio-66

MOF-177

Cr-MIL-100

PCN-14 DO-MOF [Beu(OH)(BTB)J] umMcM-2 NOTT-116
2. &
s
& }-@»'g )
M,._Jg"
L ®

NU-125

5000

., 4000

=

<9

E=

-

= 3000

<

E

=

2

= 2000

=

b

=

E 1000

’ IIIII IIIII

,
2010 2013 2016 2019
Year

FIGURE 5 | Chronological literature researches on MOFs, keywords, metal
organic frameworks, and MOFs (retrieved from Scopus).

hours to weeks to lead to the production of crystals that can
undergo to single crystal X-ray diffraction analysis and is not
applicable when using starting materials that are unstable at
high temperatures (Stock and Biswas, 2012). For some MOFs,
crystallization requires a short time, thus they are obtained at
room temperature by the direct precipitation method, which
consists in just mixing the starting materials. Other methods
include microwave-assisted, electrochemical, mechanochemical,
and sonochemical synthesis; these approaches differ in how
energy is introduced in the synthetic system and result in
different reaction time, yields, particle size, and morphology.

Application of MOFs is a multidirection research field.
Several applications include H,/CHy storage (Yang et al., 2012;
Alkhbari and Morsali, 2013), CO; capture (Ding et al., 2016),
gas separations (Zhao et al, 2013), and catalysis (Doonan
and Sumby, 2017). Very promising results have been obtained
by studying the applications of MOFs in adsorption and
photocatalytic degradation processes for the abatement of
inorganic and organic contaminants. The review pays attention
just on these two applications to organic ECs.

MOFS AS ADSORBENTS

MOFs are good materials for a future application in the field
of EC removal from wastewater through adsorption due to the
high porosity and the specific adsorbate/adsorbent interactions
(Dias and Petit, 2015). ZIF-8 belongs to the zeolitic imidazolate
frameworks (ZIFs), a promising class of MOFs for water-phase
adsorption application with good chemical and thermal stability
and similar pore topologies to zeolites. ZIF-8 was used by Khan
et al. (2015) for phthalic acid adsorption in water. The authors
compared the adsorption capacity of ZIF8 with activated carbon
(AC), UiO-66, and NH,-UiO-66, for 24 h at room temperature.
Their results for the sorption capacity q; (mg/g) are reported
in Table 1.

The highest sorption capacity was found in ZIF-8, and this was
explained by a good interaction between the positively charged
surface of ZIF-8 and the phthalic acid anions. ZIF-8 proved stable
after washing with methanol.
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TABLE 1 | Phthalic acid adsorption tests.

TABLE 3 | Aniline adsorption tests.

Adsorbent qt (mg/g) Adsorbent ot (mg/g)
ZIF-8 ~530 7%SiO, @MIL-68 531.9
AC ~220 SiO, ~50
NH,-Ui0-66 ~175 MIL-68 402.0
UiO-66 ~140 SiO2/MIL-68 mixture ~400
TABLE 2 | Dye removal using Materials Institut Lavoisiers (MILs).

other functional materials has been proposed (Han et al,
Adsorbent Dye removal (%) 2016), in order to realize composites characterized by good

Basic blue 41 Methylene blue Basicred46  performances, improved morphology, and better stability and

mechanical properties.
MIL-125(Ti) 41 39 45 Han et al. (2016) prepared a hybrid material by combining
NHo-MIL-125(Ti) 93 97 99 MIL-68, an aluminum-based MOF, with SiO,. They found
MIL-X1 45 43 50 that the incorporation of SiO, in MIL-68 results in smaller
MIL-X2 80 89 75 particle size of MIL-68(Al). The sorption capacity of the
MIL-X3 86 91 79 7%Si0,@MIL-68(Al) composites for aqueous solution of aniline

Opveisi et al. (2018) synthesized five MOFs named Materials
Institut Lavoisiers (MILs) using tetraisopropyl orthotitanate as a
metal source and 1,4-benzenedicarboxylate (BDC) and 2-amino-
1,4-benzenedicarboxylate (NH,-BDC) as organic linkers. The
five nanomaterials were MIL-125(Ti), NH,-MIL-125(Ti), MIL-
X1 (BDC/NH,-BDC molar ratio: 75/25), MIL-X2 (BDC/NH,-
BDC molar ratio: 50/50), and MIL-X3 (BDC/NH,-BDC molar
ratio: 25/75). Adsorption of three dyes was tested: basic red 46,
basic blue 41, and methylene blue. Table 2 shows the results.

The better performances of the amino-functionalized material
were attributed to the fact that it has the highest electron density
and zeta potential among the tested materials. The authors
also studied the adsorbent loading effect, the concentration of
each dye, the pH of the solution, and the contact time on the
adsorption process. The following results were obtained: (i) the
adsorption efficiency increased with the sorbent loading, since
a higher amount of active sites was available, while it decreased
with increasing concentration of the dyes due to the saturation
of the active sites and/or dye aggregation; (ii) the equilibrium
time for the process was 30 min; (iii) no effect was observed as
a consequence of pH variation. This was explained by assuming
that the dye adsorption was mainly based on -7 interactions
between adsorbate and adsorbent, which are not influenced by
pH variation.

Andrew Lin and Hsieh (2015) used HKUST-1, a copper-based
MOE for the adsorption of p-nitrophenol (PNP) in water, finding
an adsorption capacity of ~ 400 mg/g. This high value was
attributed to the affinity of the metal site of HKUST-1with the
NO; group of PNP as well as -7 interactions between adsorbate
and adsorbent. At 20°C, adsorption reached equilibrium after
60 min, while at 60°C, the adsorption capacity was higher, and
the equilibrium time decreased to 30 min.

A common drawback of MOFs is a poor processability
and low thermal and chemical stability (Li and Huo, 2015).
To overcome these drawbacks, a combination of MOFs with

was investigated and compared with that of the individual SiO,
and MIL-68 and a physical mixture of both. The results are listed
in Table 3.

The 7%SiO,@MIL-68 composite showed a high adsorption
capacity and fast adsorption dynamics (the equilibrium was
reached in 40s). These results were attributed to the pore size
decrease due to incorporation of SiO; and the likely hydrogen
bond interaction between -NH; of aniline and the bridging
i2-O in the adsorbent, as well as the m-t interaction between
the adsorbent and the benzene rings. Moreover, incorporation
of SiO; in the MIL-68 framework reduces its particle size and
increases the surface area of the material. The 7%SiO,@MIL-
68 also showed good reusability. After the fourth reuse, with a
regeneration procedure consisting in washing the adsorbent with
ethanol then drying it under vacuum at 373K, the adsorption
capacity underwent only a slight reduction.

Jabbari et al. (2016) synthesized hybrid nanocomposites
based on Cu-BTC (BTC: benzene tricarboxylate) MOEF, carbon
nanotubes (CNTs), graphene oxide (GO), and Fe3O4 magnetic
nanoparticles (MNPs) and tested the adsorption capacity of these
materials over methylene blue (MB) in 50 and 100 ppm aqueous
solutions of the pollutant. Their results are reported in Table 4,
where CuG12, CuGl1, CuG21, and CuG51 indicate composites
with MOF:GO ratios of 1:2, 1:1, 2:1, and 5:1, respectively;
FCuG refers to the Fe304/Cu-BTC@GO nanocomposite; CuC12,
CuCl1, CuC21, and CuC51 indicate composites with MOF/CNT
ratio 1:2, 1:1, 2:1, and 5:1, respectively; FCuC indicates a hybrid
nanocomposite of Fe304/Cu-BTC@CNT.

Results show that the nanocomposites performed better than
the parent materials, due to the synergistic effect of the composite
constituents, nano-size of the Cu-BTC MOE well separation
of the MOE inhibition of distortion and bundling in GO
and CNT, and increasing in pore volume. Unsaturated bonds
and the carboxylate group negative charge favors the m-m and
electrostatic interactions between the adsorbent and adsorbate.
The best adsorption performances were shown by CuC21; the
measured dye adsorption of the non-magnetic CuC hybrid
nanocomposites is slightly higher than the one obtained with
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TABLE 4 | Methylene blue (MB) adsorption capacities, Qe in mg/g, of various
hybrid nanocomposites.

Adsorbent Q. (Mmg/g)
Cwmg: 50 ppm Cwmg: 100 ppm

FesO4 MNPs 62 80
Graphene oxide (GO) 71 94
F-CNT 110 125
Cu-BTC MOF 46 67
CuG12 48 128
CuG11 88 96
CuG21 32 162
CuG51 28 40
FCuG 79 136
CuC12 90 108
CuC11 78 160
CuC21 130 172
CuC51 136 132
FCuC 112 162

TABLE 5 | Bisphenol A (BPA) adsorption capacities of various hybrid
nanocomposites.

Adsorbent ge (Mg/g)
GO 99.7
F-CNT 82.9
Cu-BDC 60.2
Cu1GrO1 161.8
Cu1GrO3 182.2
Cu3GrO1 148.9
Cul1CNTH 146.7
Cu1CNT3 164.1
Cu3CNT1 129.7

the magnetic hybrid nanocomposite of FCuC. This could be
explained by the filling of the pores formed between the MOF and
the substrate by magnetic nanoparticles and/or disruption of the
connection between the parent materials after loading of MNPs.

Recently, Ahsan et al. (2019) prepared a similar set of
MOEF-GO and MOF-CNT nanocomposites, this time using Cu-
BDC (BDC: benzene dicarboxylate) for adsorption of bisphenol
A (BPA) in 100 ppm aqueous solutions. Table5 reports
their results.

The data show that the newly formed CuMOF-based hybrid
nanocomposites have higher adsorption capacities for the BPA
removal. This is attributed to the synergy coming into play when
the parent materials are combined. Moreover, the functionalized
graphene layer (i) suppresses aggregation, benefits dispersion,
and increases the formation of small pores, (ii) reduces inter-
MOF voids and preserves MOF formation and growth, and
(iii) prevents the distortions and buckling/bundling of the GrO
and CNTs. Another effect, which could favor BPA adsorption
is the formation of new pores at the interface of Cu-BDC with

MOF/CNT and Cu-BDC with MOF/GrO, due to the binding of
the Cu-BDC MOF to the graphene layers in CNTs and GrO.

The wide literature has highlighted a number of different
selective adsorption mechanisms in the abatement of organic
compounds by MOFs:

- Electrostatic: this type of interaction has been the most
frequently observed. The surface charge of the MOF
depends on the pH of the solution; the charged MOF
undergoes electrostatic interaction with an oppositely
charged contaminant.

- Hydrogen bonding: MOFs can be functionalized with NH;,
-OH, -COOH, and -SO3H groups, to enable adsorptive
removal applications via hydrogen bonding (Hasan et al.,
2013). The different groups induce different strengths of the
hydrogen bonding.

- Acid-base: Ahmed and Jhung (2017) reported the effects of
the functionalization of the MOF MIL-101-Cr with either
acidic or basic groups on naproxen adsorption. Results showed
that the basic functionalized MOF was a better adsorbent than
the acidic functionalized and the neutral MIL-101. This is due
to the interaction between the modified MOFs with -NH,
groups with the sorbates ~-COOH groups.

- m-m interactions/stacking: Qin et al. (2015) reported that the
amount of bisphenol A adsorbed over MIL-101-Cr was 1.84
times higher than on activated carbon, suggesting the existence
of 1t-7 interactions between the adsorbent and benzene rings.

- Pore/size-selective adsorption: one of the most interesting
features of MOFs is the related pore size tunability, which
enables selective adsorption of appropriately sized sorbates.
As shown by Huang et al. (2012), it is possible to favor
mesopore formation during MOF synthesis in order to
enhance methylene blue (MB) adsorption.

- Hydrophobic interactions: higher hydrophobicity in
MOFs favors their adsorption of non-polar, water-insoluble
molecules, as reported by Sann et al. (2018) who observed
high adsorption of oil over the highly hydrophobic MOF
ZIF-8 (zinc-methylimidazolate framework-8).

Table 6 reports up-to-date studies and the corresponding
adsorption capacity of different types of MOFs in
ECs remediation.

METAL ORGANIC FRAMEWORKS AS
PHOTOCATALYSTS

Photodegradation is theoretically a better method than
adsorption for wastewater treatment, mainly because it causes
a complete elimination of the pollutant instead of its simple
phase transfer, so no further treatment is required. The presence
of organic linkers in MOFs allows them to have a relatively
wide absorption spectrum permitting the generation of a
charge-separated state, which decays in the microseconds, thus
permitting photocatalytic applications (Hariganesh et al., 2020;
Wang C. et al., 2020).

Alvaro et al. (2007) investigated the behavior of MOF-5,
containing clusters of ZnO, as a semiconductor. They found that
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TABLE 6 | Comparison of the adsorption capacity of different types of metal organic frameworks (MOFs) for emerging contaminant (EC) remediation.

Functionalized MOF Surface area EC remediated Adsorption capacity References
(m?/g) (mg/g)
MIL-53(Fe) 52.12 Tetracycline antibiotics 247.70 Yu et al., 2019
NHo-MIL-53(Fe) 65.64 271.90
NO,-MIL-53(Fe) 30.01 272.60
Br-MIL-53(Fe) 39.75 309.60
Al-MOF-Fe30,@P4V P 128.67 Naproxen 31.67 LiY. et al., 2020
SCNU-Z» 960.00 Methylene blue 455.60 Deng et al., 2019
Crystal violet 847.40
Rhodamine B 751.80
TisCoTyMXene and AI-MOF 9.00 and Methylene blue ~140 Jun et al., 2020
630.00 Acid blue 80 ~200
Ni-BDC MOF - Methylene blue 73.48 Ahsan et al., 2020
Ni-BDC MOF@GO 222.80
Ni-MOF@CNT 181.96
ZIF-8-chitosan composite beads 15.30 Tetracycline 495.04 Zhao et al., 2020
ZIF-8@CS/PVA-ENF(2) - Malachite green 1,000.00 Mahmoodi et al., 2020
Zr-MOF(bpy) 2,141.88 Rhodamine B 918.90 Cui et al., 2019
BMDC-12h 1,449.00 Atenolol 552.00 Bhadra and Jhung, 2018
Clofibric acid 540.00
TABLE 7 | Photodegradation of phenol with various catalysts. TABLE 8 | Methylene Blue (MB) photodegradation using TiO,@CuzBTC, and
TiOs.
Catalyst Molephenol Mole phenol
degraded/g degraded/catalyst Catalyst MB C/Cy
catalyst metal atom
t: 2 min t: 6 min t: 10 min t: 30 min
MOF-5 0.0045 1.30
TiO,@CuzBTC, 0.3 0.15 0.10 0.09
P25 0.0125 0.92
TiOy 0.9 0.8 0.7 0.2
ZnO 0.0120 0.90

this material is stable to light exposure, has an absorption onset
at 450 nm and a 3.4eV band gap. Irradiation with A < 450 nm
gives rise to an electron-hole couple lasting for microseconds,
thus permitting application in photocatalytic processes. The
activity of MOF-5 was tested in the photodegradation reaction
of phenol and compared with Degussa P25 (TiO, nanoparticles)
and another semiconductor, ZnO. The degradation of MOF-
5 generates ZnO, and this could be responsible for the
photocatalytic activity.

As shown in Table 7, MOEF-5 has a high photocatalytic activity,
which is not caused by ZnO clusters eventually formed during the
test, due to the higher phenol conversion per metal atom when
compared to ZnO.

Effect on photocatalytic activity of MOF modification,
especially by inclusion of inorganic semiconductors, was also
studied by Binh et al. (2015). The authors prepared a Cu3BTC,
(BTC = benzene-1,3,5-tricarboxylate) MOF with a specific
surface area of 1,350 m?/g, which was then modified by including
TiO; in its framework and converted to TiO,@Cu3;BTC;.
The catalytic activity of the novel material was tested in the
photodegradation of methylene blue (MB) and compared to
that with the commercial TiO, photocatalyst Degussa P25.
The photocatalytic experiments were performed using 50 ml of

aqueous methylene blue solution (2 x 10> M) in which the
photocatalyst was dispersed (3 mg/ml). The resulting mixture
was irradiated under UV-Vis lamps, at different irradiation times,
from 2 to 30 min. Table 8 shows the experimental data.

The data show that TiO,@Cu3;BTC, is a promising
photodegradation catalyst since it performs faster than Degussa
P25 in the photocatalytic degradation of Methylene Blue. This
has been attributed to spectral sensitization of the colored
Cu-MOF for TiO; in the visible region, to the large contact
area of the catalyst, to high porosity, and to CuzBTC, acting as
template for the formation of fine nano TiO; with an increase in
surface area.

In an effort to increase the photocatalytic activity of MOFs
toward solar light, Gomez-Avilés et al. (2019) synthesized
mixed Ti-Zr MOFs by substituting partially Ti by Zr atoms
in the framework of NH,-MIL-125(Ti) MOF and tested
them in acetaminophen (ACE) photodegradation experiments
under solar-simulated radiation. The synthesized materials had
different Ti:Zr molar percentages and were named TiZrl5,
TiZr30, TiZr60, and TiZr80, the number standing for the Zr
molar percentage. Before the photocatalytic runs, adsorption and
solar irradiation tests were performed, showing that adsorption
ranged between 0.6 and 2% and that the ACE concentration was
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TABLE 9 | Acetaminophen (ACE) photodegradation using different catalysts.

Catalyst ACE C/Cy

t: 15 min t: 30 min t: 45 min t: 60 min t: 90 min t: 120 min t: 180 min t: 240 min t: 360 min
NH,-MIL-125(Ti) 0.93 0.86 0.73 0.57 0.26 0.09 0 0 0
Tizr15 0.82 0.66 0.41 0.23 0.03 0 0 0 0
TiZr30 0.9 0.72 0.6 0.45 0.23 0.02 0 0
TiZr60 0.97 0.93 0.9 0.88 0.82 0.76 0.7 0.64 0.53
TiZr80 0.97 0.93 0.9 0.88 0.82 0.76 0.69 0.61 0.51

unchanged after 6 h of solar irradiation in the absence of catalyst.
The photocatalytic tests were performed at 20°C with 150 ml
of solution containing 5 mg/L of ACE at time zero, in which a
catalyst amount of 250 mg/L was added, at an initial pH of 6.9,
with an intensity of irradiation equal to 600 W/m?. Table 9 shows
the results.

The non-crystalline samples with the highest Zr percentage
(TiZr60 and TiZr80) yielded lower acetaminophen conversion.
TiZrl5 and TiZr30, characterized by the lower Zr amounts,
caused complete ACE photodegradation in < 3 h of irradiation.
The high performance of TiZr15, which allowed complete ACE
conversion within 90 min was explained by the high porosity and
lower band gap value resulting from the partial substitution of
Ti*T by Zr*T in the structure of the MOF. The incorporation of
Zr ions, which are able to act as charge trappers, increases the
charge carrier lifetimes and reduces the recombination processes,
resulting in an increase in photoactivity.

The incorporation of the -NH, group to the organic linker
also affects the photoactivity of these materials. It causes the
formation of a red shifted band at the valance bond (VB) of
the MOF, reducing the band gap value to 2.7 eV, thus enabling
photoexcitation as a result of irradiation with photons with X
= 460 nm and lower. Moreover, the amine group increases the
charge transfer between metal and organic linker and inhibits
electron-hole recombination. It is also notable that no aromatic
intermediates were detected using HPLC (probably due to
low initial ACE concentration and/or fast conversion to other
organics). TiZr15, the most active photocatalyst, was active after
three successive runs.

Another recent work focused on the synthesis of MOF-
based photocatalysts activated by visible light. He et al. (2019)
prepared a magnetic (M-) MIL-101(Fe)/TiO, composite for the
photodegradation of tetracycline under solar light irradiation.
The catalytic efficiency of M-MIL-101(Fe)/TiO,(magnetic)
and MIL-101(Fe)/TiO, (non-magnetic) for tetracycline (TC)
degradation was investigated under visible light: after 3h of
TC conversion, 91.24 and 84.85%, respectively. This difference
was attributed to the lower recombination rate observed for
the magnetic material. Process optimization tests showed that
using 1 g/L of catalyst in a 20-mg/L of aqueous solution of
TC at initial pH of 7 at 25°C under direct solar irradiation,
92.76% TC conversion was obtained in 10 min. The material was
magnetically separated from the solution and reused, showing
similar performances after five catalytic cycles. It is important

to point out that this high degradation rate was obtained under
solar irradiation, while artificial visible light irradiation yielded
poorer results, suggesting that UV photons in solar light have an
important role in the photoexcitation process.

CONCLUSIONS, CHALLENGES, AND
FUTURE PERSPECTIVE

Up to now, various applications of MOFs are under investigation,
as they exhibit high versatility, low production costs, and high
efficiency. Particularly, MOFs show promising incorporation
in wastewater treatment technologies on an industrial scale.
The tunability of their structural and electronic features gives
the possibility to prepare materials, which can be both good
adsorbents and efficient photodegradation catalysts. However,
the development and the sophistication of new synthetic MOFs
face challenges that stem from the chemistry of these materials
and their future applications. In addition, the prospect of
wide-scale implementation of MOFs in wastewater treatment is
promising but needs further investigation, mainly considering
scaling up application to study their performances in real
conditions. In this review, we have summarized the fundamentals
of adsorption and photodegradation as common applications
in MOFs for EC remediation in wastewater. Moreover,
focus has been given to cutting edge researches pertaining
to these applications. MOF pore size can be appropriately
tuned to accommodate a specific pollutant. MOFs can also
be functionalized to enhance electrostatic, acid-base, -7
interactions, or hydrogen bonding. They can be combined
with metals, inorganic semiconductors, or organic linkers
to enhance their photoexcitation rate and reduce electron-
hole recombination in order to obtain composites with high
photocatalytic efficiencies. In summary, MOFs are one of
the hottest topics of research today. Their phenomenal and
promising features in EC remediation make MOFs very tempting
materials for researchers to further explore and investigate in
different potential directions.
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