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ABSTRACT: The degradation of organic pollutants present in domestic and industrial effluents is a matter of concern because of
their high persistence and ecotoxicity. Recently, advanced oxidation processes (AOPs) are being emphasized for organic pollutant
removal from effluents, as they have shown higher degradation efficiencies when compared to conventional activated sludge
processes. Sulfate radical-based methods are some of the AOPs, mainly carried out using persulfate (PS) and peroxymonosulfate
(PMS), which have gained attention due to the ease of sulfate radical generation and the effective degradation of organic molecules.
PMS is gaining more popularity because of its high reactivity and ability to generate excess sulfate radicals. PMS has been the major
focus; therefore, its mechanism has been explained, and limitations have been elaborated. The involvement of metal—organic
frameworks for PMS/PS activation applied to organic pollutant removal and recent advances in the application of biochar and
hydrogel-assisted metal—organic frameworks have been discussed.

1. INTRODUCTION

Our ecosystem has recently been gradually deteriorating due to
a wide range of organic pollutants, which are toxic chemicals
that adversely affect the health of human beings and the
environment around the world. Progressively higher concen-
trations of organic pollutants sourced from domestic and

treatment, low efficiency and scalability, secondary contami-
nants production, ete.”?

Advanced oxidation processes (AOPs) have been increas-
ingly applied to organic pollutant degradation. Radical-based
AOPs are promising environmentally friendly methods with a
high oxidation potential that utilize hydroxyl radicals (OH®)

industrial applications have been observed in the water systems
around the world." Organic pollutants are a large class of
contaminants which include, to name a few, pesticides,
herbicides, insecticides, detergents, endocrine-disrupting
chemicals, polycyclic aromatic hydrocarbons, dyes, personal
care products, and pharmaceuticals.”> The increase in the
industrial production processes and human activities has
resulted in the discharge of organic contaminants into the
surroundings, leading to lots of health issues like respiratory
ailments, neurological issues, thyroid disorders, etc.* There is
an urgent requirement for effective degradation methods for
these pollutants. Many treatment methods have been explored
to remove and reduce these organic pollutants from the
environment. These methods include biodegradation, adsorp-
tion, chemical treatments, etc.,, which have some drawbacks
like high energy utilization, limited applications, partial
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and sulfate radicals (SO,*”) for the degradation of organic
pollutants.”” Reactive radicals include the sulfate radicals
(SO,*7), the hydroxyl radicals (HO®), superoxide radicals
(0,°7), and hydroperoxyl radicals (OOH®).”~"" AOPs include
different treatment approaches like photocatalysis, the Fenton
method, sulfate radical-based oxidation (SR-AOP), ozone-
based methods, sonolysis, electrocatalysis, etc.® Combining
various AOPs, such as photo-Fenton methods, sono-Fenton,
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Figure 1. Summary of the mechanisms involved in the adsorption and degradation of pollutants by SR-AOPs

peroxy mono sulfate (PMS)/UV/US, the O;/UV process, O3/
H,0,, PMS/O;, etc,, has also resulted in effective organic
pollutant degradation.* SR-AOPs have gained prominence
because of their effectiveness across a wide pH range, higher
oxidation potential, and lower dependency on the operational
parameters.”'” Persulfate activation, which includes the
addition of peroxymonosulfate (PMS) and peroxy disulfate
(PDS) as oxidants, is also known as sulfate radical-based
oxidation."” As direct interaction with organic pollutants
occurs at very low rate, PMS and PDS have to be activated
to generate sulfate radicals.'” Several PMS/PS activation
methods have been used, like thermal activation, UV
irradiation, alkaline treatment, activated carbon, addition of
transition metal ions like Fe(II) and Cu(II), etc.”'' The
addition of Fe(II), Co(Il), and Cu(II) as activators has been
shown to significantly enhance the PMS/PS-based degradation
of organic pollutants.”” Moreover, PS and PMS are relatively
inexpensive and sustainable oxidants.'”'>'* Compared to PDS,
PMS is gaining more attention because of its high reactivity
and capacity to oxidize a variety of pollutants.” Many reviews
are available on organic pollutant removal by sulfate oxidation
methods.'”"""*'® The findings demonstrate that the removal
efficiency of organic pollutants is affected by several factors,
including pH, persulfate dose, and reaction time.>'' The main
oxidation mechanisms involved are radical-induced oxidation
(SO,*~ and OH®), singlet oxygenation ('O,), electron-
mediated transfer, and high-valent-metal-induced oxidation
(= Fe(V)=0, = Fe(VI)=0)."” The electron-mediated
transfer involves the transfer of e~ from electron donors
(organics) to electron acceptors (PS/PMS). This method
utilizes two electrons from the organic compounds, unlike the
radical-based method that utilizes one electron for SO,*”
formation. The presence of metal ions like Fe(1I), Ag(IL),
and Co(I) in their reduced form can lead to other oxidation
pathways.'” Reports are also available on sulfate radical-based
oxidation paired with other AOPs, which have enhanced
oxidation potential and increase the applicability to degrade a
wide range of organic pollutants.'”'” Figure 1 summarizes the

mechanisms involved in the degradation of organic pollutants
by MOF-based SR-AOPs.

Metal—organic frameworks (MOFs) are a new type of
extremely porous and crystalline organic—inorganic hybrid
composites created by combining metals and organic linkers.
Because of their porous nature, they have been discovered to
be quite beneficial as catalysts for PMS/PDS activation."®
There are numerous benefits of employing MOF-based
catalysts over other materials, as MOFs avert homogeneous
catalyst leaching by enclosing the cavities or building
connections within the framework covalently, as well as the
easily modifiable pore size and surface area of the MOFs, due
to which they have high specific activity.'” Several types of
MOFs have been reported for PMS/PDS activation, including
zeolitic imidazolate frameworks (ZIF),”® Materials Institute
Lavoisier (MIL),”" University of Oslo-2 (UiO),”* Prussian
blue analogues (PBA) 2 Hong Kong University of Science and
Technology (HKUST),”* porous coordination network
metal—organic framework (PCN-MOF), etc.'"® These MOFs
have different metal centers and organic linkers, which can
influence their performance in PMS activation.

A few reports are available in literature discussing the PS/
PMS activation by MOFs.”> >’ In a review by Wang et al. from
2022, different MOFs and derived catalysts for PS activation
processes were discussed along with the synthesis methods. PS
activation methods by MOFs were discussed based on Fenton-
like and photo-Fenton methods.”” The effect of the
composition and structure of MOF-derived catalysts for PS
activation were discussed by Fang et al. 2021, along with the
effect of environmental factors and the contribution of
different catalytic pathways.”® Du et al. 2021 discussed the
preparation methods, characterizations, and mechanisms of
action of MOFs.”” Pristine MOFs and MOF derivatives for
production of sulfate radicals were summarized by Wang et al.
2019.*° Jiang et al. in 2022 summarized the catalytic activity of
MOFs from the perspective of physical activation methods like
thermal, photo, and microbial. Additionally, chemical activa-
tion by optimization and modification of the MOFs was

https://doi.org/10.1021/acsomega.3c02977
ACS Omega 2023, 8, 34262—-34280


https://pubs.acs.org/doi/10.1021/acsomega.3c02977?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02977?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02977?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02977?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02977?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

Table 1. Properties of PMS/PDS“

Peroxymonosulfate

Peroxydisulfate

" - 5
Molecular configuration o\\ o o N\ o

N N N\, _o 'S

-S| o 'S So ANN

PN\ N\
o A\ o- \ o
o o
Abbreviation PMS PDS
Molecular Formula KHSOs* KHSO4¢ K2S20s/ Na2S20s
K2SO4

Bond energy 377 KJ mol" 92 KJ mol!
Distance of 0O-0 bond 1453 A 1497 A
structure
Water solubility (at 20 -C) 250,000 mgL"" 730,000 mgL-"
Standard redox potential 182V 212V

Preferred activation

method

Electron-transfer

Energy-transfer based activation

based activation

“Adapted from ref 13. Copyright 2023 Elsevier.

discussed.” A detailed list of review articles on MOFs as
catalysts and PS activators is available in Supporting
Information as Table S1.

The objective of this Review is to provide an update on
PMS/PDS activation using MOFs as catalysts for organic
pollutant degradation. The various types of MOFs based on
structure and composition were evaluated for their PS/PMS
activation capacities. The roles of metal jon addition and
MOF-derived carbonaceous catalysts and other MOF-derived
catalysts in PS/PMS activation are summarized. This Review
also highlights the emerging MOF derivatives supported by
using biochar and aerogels and hydrogels for the activation of
sulfate radicals from PS/PMS.

B PERSULFATE (PMS/PDS) ACTIVATION

The process of converting PMS/PDS into reactive oxygen
species (ROS) like radicals of sulfate (SO,*”), capable of
participating in the oxidation of various organic compounds, is
referred to as the activation of PMS/PDS.** This activation
can be accomplished in a variety of ways, including the
addition of catalysts, pH adjustments, UV light exposure, heat,
ultrasound, metal-based catalysts, photoelectron, electricity,
etc.'" PMS can be easily activated as compared to PS because
of its asymmetrical structure.'” Therefore, PMS is susceptible
to different nucleophiles like CN~, N;~, HCO;~, etc. In the
presence of halides, PMS gets depleted prior to the oxidation
process, which is not observed in the case of PDS."* The
activation is critical for degradation studies because it increases
PS/PMS’s ability to generate reactive oxygen species (ROS),
which can initiate the degradation process.”"”>> Another study
shows 93.6% of PS decomposition side by side with the
pollutant degradation because as the decomposition starts, the
radicals are generated, leading to the oxidation process.””™>
Table 1 describes the various properties of peroxymonosulfate
(PMS) and peroxydisulfate (PDS). The sulfate radical
formation reactions involved in the activation process of
PMS/PDS are as follows: %37

(PMS)SO,*” + OH™ — SO,*” + OH" (1)

34264

(PDS)S,04*” + 2H,0 — 280,>” + HO,” + 3H'"  (2)
HO,” + $,0,°” — SO,°” +SO,>” + O, + H"  (3)
HSO;,” — SO*” + H* (4)
SO.*” + H,0 — $O,*” + H,0, (8)
HSO,” + H,0, - H" + SO,>” + H,0 + O, (6)

1.1. Limitations of PMS/PS in Degradation Studies.
There are various limitations of PMS/PS degradation studies,
like pH dependency, reactivity with other compounds, the
presence of halides, etc.'”

pH Dependency. Both PMS and PS are pH-dependent, and
their oxidation potential decreases when the pH is above 7.0.
As a result, in basic environments, the effectiveness of these
oxidants may be limited and oxidants like phenol, amine, and
sulfide can be used.”'* Additionally, in some cases, the pH
below 7.0 leads to a reduction in the oxidation potential of PS/
PMS."" In order to overcome the limitation and increase the
reactivity under acidic conditions, PMS and PS can be
activated with other oxidants or catalysts like iron, copper, or
cobalt."!

Reactivity with Other Compounds. PMS/PS can react with
a variety of organic and inorganic compounds present in the
water matrices, including humic acids, metals, and chloride
ions.'” This can result in the formation of reactive
intermediates and/or a decrease in the overall oxidation
efficiency. For example, chloride ions can combine with PMS/
PS, resulting in the formation of chlorate, a toxic byproduct.

Environmental Concerns. The use of PMS and PS may also
raise environmental concerns due to the potential release of
sulfate and other byproducts into the environment.” The
release of sulfate can lead to the formation of sulfuric acid,
which can acidify the soil and water and have detrimental
effects on the ecosystem.

Lack of Selectivity. PMS and PS are nonselective oxidants
that can attack both target and nontarget compounds.'” This
could contribute to the emergence of harmful byproducts and
even the destruction of critical analytes. PMS and PS, for
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Figure 2. (A) Metal nodes and organic linkers assemble to create MOFs. (B) MOF structures (reproduced from the CSD MOF Collection with

license CC-BY-NC-SA 4.0°").

example, can degrade natural organic matter in water, resulting
in the formation of disinfection byproducts.

Reaction Kinetics. PMS/PS reaction kinetics are highly
dependent on experimental conditions such as temperature,
pH, and additional substances present. As a result, the optimal
conditions for one reaction may not be appropriate for
another. Furthermore, the reaction kinetics may be complex
and difficult to accurately model, limiting the oxidation
process’s predictability and reproducibility when applied across
different water matrices.

Although PMS and PS are powerful oxidants capable of
degrading a variety of contaminants, including pharmaceut-
icals, dyes, and pesticides, its activation usually requires high
temperatures or strong acid conditions. MOF activation
provides a promising alternative because they can activate
PMS/PS in mild and neutral conditions, which is advantageous
for the practical utilization of this technology.’

2. COMPARISON OF VARIOUS METHODS OF PS/PMS
ACTIVATION WITH MOFS

Various methods involved in the activation of PS/PMS are UV
radiation-based, ultrasonication, heat, electrochemical activa-
tion, radioactive activation, carbon-based activation, etc.
Photobased activation is limited by inefficient penetration of
light in real wastewater matrices, which makes it difficult to
apply for turbid water matrices, whereas MOFs as activators

can also enhance photocatalytic activity. Similarly, ultrasound-
based activation is also restricted by ineffective penetration and
is not substrate-specific, unlike MOF-based activation. During
the electrochemical activation process of PS/PMS, due to the
electrostatic repulsion, PS/PMS does not move toward the
cathode surface. Heat activation and electrochemical activation
methods are not good for large-scale applications due to the
large energy requirements. Transition-metal-based activation
methods lead to the problem of metal contamination of water
matrices, whereas in the case of MOFs the leaching of the
metals is reduced and enhanced reusability of the catalyst has
also been observed. Carbon-based catalysts and photoelectron
methods exhibit a low mineralization rate that might give
incomplete degradation of the pollutant, and the partially
degraded intermediates might have higher toxicity. Radioactive
activation of PMS raises the concern of radioisotopes and are
expensive.

When it comes to activating persulfate or peroxymonosul-
fate, MOFs offer several advantages over other activators,
which are listed below:

e Enhanced reactivity: MOFs effectively activate PS/PMS
due to their high surface area, promoting interactions,
enhancin§ activator reactivity, and generating reactive
radicals.’

e Tunable catalytic properties: MOFs can be customized
by selecting metal ions and ligands, enhancing catalytic
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properties like redox potential, electron transfer
capability, and stability for specific reactions or
contaminants. ™

o Facilitated electron transfer: PS/PMS activation involves
electron transfer from a catalyst. With MOFs, the
presence of redox-active metal centers mediates redox
reactions, promoting reactive radical generation and
increasing the activation eﬂ'lciency'.ss’40

Metal—organic frameworks offer high surface area, tunable
catalytic properties, and electron transfer, making them ideal
for PS/PMS activation in various applications.

3. METAL-ORGANIC FRAMEWORKS AS CATALYSTS
FOR PMS/PS ACTIVATION

MOFs are porous products with a large surface area,
changeable pore size, a diverse range of metal centers, and
outstanding catalytic characteristics that show great potential
as heterogeneous catalyst for PMS/PS activation leading to
organic pollutant degradation.'®*' MOFs and their composites
are widely used as heterogeneous catalysts, photocatalysts, and
adsorbents for the removal of toxic pollutants from the
environment.””** They are a form of porous material that is
being extensively studied for a variety of applications such as
catalysis, storage of gas, and drug delivery because of their
flexible properties and huge surface area. Figure 2 shows that
MOFs are made up of metal nodes (e.g, chains, atoms,
clusters) connected by organic linkers (e.g, carboxylates,
phosphonates, and azolates),"" creating a highly porous stable
structure with tunable properties. This tunability allows for
optimization of the active sites for PMS/PDS activation. Figure
3B depicts the different types of MOF structures like MIL, ZIF,
UiO, HKUST, etc.’' The use of MOFs as PMS/PS activation
catalysts offers several advantages, including high catalytic
activity, selectivity, and reusability."’

A study by Yan et al. in 2022 explains the underlying
mechanism involved in the adsorptive removal of pollutants
over MOFs, like electrostatic interaction, acid—base inter-
action, hydrogen-bonding, ion exchange, etc.M! Degradation of
organic pollutants by MOF-based PS/PMS oxidation occurs
via radical and nonradical pathways. Radical pathways involve
the production SO,°” and OH® radicals, whereas the

nonradical pathway involves 'O, production.”* Various
synthesis methods are used for producing the different types
of MOF structures, which include the diffusion method, the
sonochemical method, the hydro(solvo)thermal method, the
microwave method, the electrochemical method, and the
mechanochemical method.'®** The synthesis methods have
been discussed extensively by Wang et al. in 2022 and Kaur et

al. in 2023."”* The benefits and drawbacks of various

synthesis processes are discussed in Table 2.
3.1. Zeolitic Imidazolate Frameworks (ZIF). Zeolitic
imidazolate frameworks (ZIF) are created by metal ions (Co,

Table 2. Some Benefits and Drawbacks of Different MOF

Synthesis Methods

no.  synthesis method
1 diffusion method

2 electrochemical
method

3 microwave method

4 mechanochemical
method

S sonochemical meth-
od

6 hydro- or solvother-
mal method

34266

advantages

simple equipment

producing insoluble crystal
high yield
mild reaction conditions, fast

reaction rate, and low reaction
temperature

effects of anionic corrosion re-

duced
avoids precipitation of metal ions

controlled shape and size of
products

fate reaction time
small crystals

green process and no organic
solvent

low production cost

large scale synthesis and high
yield

simple operation

energy saving

fast reaction rate

high surface area and pore
volume

high thermal stability
high crystallinity

disadvantages

precursor solu-
bility required

long reaction
time

large-scale syn-
thesis is difhi-
cult

products adhere
to electrodes
easily

byproducts pro-
duced

large-scale syn-
thesis is diffi-
cult

formation of de-
fective crystals

low purity of
products

long reaction
time

toxic organic
solvents
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Zn, Fe, Cu, etc.) and imidazole derivatives and are
topologically structured zeolites.'"” The properties through
which the catalytic activity is enhanced are surface sensitivity,
large surface area, large pore size, and thermal stability, among
others.**™*’ Furthermore, the unique structural properties of
ZIEF-MOFs allow for a high degree of control over the catalytic
performance, allowing for material tailoring for specific
applications.”**”*" There are many different types of ZIFs,
which can be classified based on the type of metal ion or
cluster used in their construction, the type of organic ligand
used, and their pore size and shape.sz’53 The difterent types of
metal linkers used are 2-nitroimidazole, 2-methylimidazole,
benzimidazole, and metronidazole, and the metal oxides are
Co;0, ZnCoOy, ZnO, and CoS, as mentioned in Table 3.

Table 3. List of Metal Nodes and Linkers of Different Types
of ZIF MOFs

no. ZIF metal nodes linker ref.
01  ZIF-67 Co30, 2-methylimidazole 20
02 ZIF-65 Zn(CH;COO), 2-nitroimidazole 36
03 ZIF-8 Co(NO;),-6H,0, 2-methylimidazole 46
Zn(NO,),-6H,0
04 ZIF-9 Co(NO;),-6H,0 2-methylimidazole 54
0S ZIF-7 ZnO benzimidazole 5SS
06 ZIF-78 ZnO 2-nitroimidazole 56
07 ZIF-90 Zn(CH;COOH),2H,0  imidazolate-2- 57
carboxyaldehyde
08 ZIF-71 ZnO 4,5-dichloroimidazole 58
09 ZIF-62 ZnO, ZnC,HO, S-bromo-1H- 59

benzimidazole

10 ZIF-11 Zn(CH;COOH),2H,0 benzimidazole 60
11  ZIF-12 Co(CH;CO00),4H,0 benzimidazole 60
12 ZIF- C,F40¢S,Zn S-chlorobenzimidazole 61
100
13 ZIF-60 Zn(NO;),"6H,0 imidazole and 2- 62
methylimidazole
14 ZIF-L  Zn(NO;),-6H,0 2-methylimidazole 63

When ZIFs are used as pollutant-degrading catalysts, the
pollutants are typically adsorbed onto the ZIFs’ surfaces.”>” A
variety of chemical dynamics, including van der Waals forces,
hydrogen bonds, and electrostatic forces, might mediate this
adsorption process.%’20

ZIF-67, which includes the Co ion, is the most widely used
ZIF for PMS activation. The Co ion plays a critical role in the
activation of PMS, where Co®* reacts with HSO;™ to generate
S0," radicals and Co*" turns to Co*". Because SO,*~ radicals
are strong oxidizing species that can effectively degrade organic
pollutants, Co** reacting with PMS will be more effective than
Co*.>” Because of the higher surface area, better synergistic
effect, and porosity, Co ions in ZIF have more activation
potential for PMS than free Co;0, nanoparticles.”® Pristine
ZIF has the disadvantage of leaching of metal ions; therefore, it
is important to modify the MOFs to prevent leaching.*’
Modification of a pristine ZIF leads to enhanced surface area
and porosity of the catalysts. Metal leaching gets reduces,
which solves the problem of a secondary pollutant.””®*
Addition of Co in the form of CoP/CoO, to ZIF-67 led to
a higher PMS activity potential for the degradation of
tetracycline. Here also the CoP/CoO, embedded in the ZIF
shows higher activation and lower amount of Co leaching than
CoP, and Co;0, nanoparticles.é"

Membrane -based ZIFs are extensively used, like ZIF-67@
polypropylene membrane, ZIF-67@Resin, ZIF-67/PAN, etc.,
because of their stable chemical and physical properties and
large surface area. A zinc-based ZIF and polyacrylonitrile
composite electrospun fibrous membrane (Zn-ZIF-65/PAN)
as a PMS activator showed 89.2% (60 min) ciprofloxacin
degradation and 55% degradation in five recycling tests.
Retreatment of the ZIF/PAN catalyst enhanced the catalytic
performance, indicating the renewable property of the catalyst
toward PMS.*® In a recent study, when CoAlL,O,@y-ALO,
derived from ZIF-67 was used for PMS activation, it was
observed that with every successive cycle the degradation
efficiency decreased. However, as the catalyst was washed
before the fourth cycle with DI water, dried, and cleaned in
PMS solution, complete degradation of metronidazole was
observed in the fourth cycle within 1 h.>° Further, an
aluminum—cobalt layered double hydroxide (AlCo-LDH)
catalyst exhibited better catalytic performance with PMS
when compared to the pristine Co-ZIF because of the
presence of Al ions, which decreases the Co ion requirement
for the PMS activation and reducing the effect of Co leachin%
into the surroundings, which is harmful to the environment.”
Modified AlCo-LDH prepared from Co-ZIF provides a larger
surface area and pore size when compared Co-ZIF.*

The pH of the surroundings plays an important role in the
degradation of organic pollutants by the activation of sulfate
radicals. For ciprofloxacin degradation, alkaline pH is effective,
potentially due to the conversion of SO,*” radicals to *OH as
the oxidation rate increases and self-decomposition of PMS
takes place.’® Similarly, tetracycline degradation using a ZIF-
Co-carbon nitride/PMS (ZCCN) system was effective in
alkaline pH.*® Additionally, Co leaching decreases as the pH
increases from acidic to neutral.®® Alternatively, Al—Co-layered
double hydroxide derived from Co-ZIF/PMS exhibited high
tetracycline degradation in acidic condition because the acid
dissociation constant (pK,) of HSO;~ was 9.4, indicating the
presence of radicals in acidic conditions.*® From the reported
data, it can be concluded that the degradation efficiency of an
organic pollutant depends on variable factors like pH,
temperature, PMS concentration, etc. Fe;O,-PVP@Co-ZIF-
67 is a polyvinyl pyrrolidone (PVP)-modified magnetic catalyst
that exhibits changes in the degradation ability as the loading
ratio of Fe;0,-PVP and Co(NO;),-6H,0 is modified. Almost
99.8% degradation of bisphenol F in 60 min was observed
when the mass ratio of Fe;0,-PVP and Co(NO;),-6H,0 was a
1:1 ratio. The optimal ratio of metal ions and MOF ensures
that there is a reduction in the wastage of unsaturated metal
sites.”’

ZIFs’ catalytic activity can be increased further by pyrolysis.
In some studies, it can be observed that due to the
modification in the ZIF structure using pyrolysis, the use of
transition metal oxides, and the electrospinning method (ZIF-
65/PAN, ZIF-67@y-ALO;, etc), leaching of the metals was
reduced.**® Pyrolysis can convert ZIFs into highly active and
stable catalytic materials with catalytic activity greater than that
of the original ZIFs. Pyrolysis can also create additional active
sites within materials, which can improve their catalytic
performance even further.””*® Another tailored application of
a MOF is the preparation of a zinc and cobalt-based catalyst in
the same molar (1:1) ratio with pristine ZIF§ and ZIF-67 as
precursors under pyrolysis conditions for effective phenol
degradation.”* After five consecutive repeated cycles, the Co@
NC catalyst prepared by pyrolysis by doping nitrogen with
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Table S. Materials of Institute Lavoisier (MIL) as PS/PMS Activators for Different Types of Organic Pollutant Degradation

no. MIL/catalyst
01 bimetal—organic framework MIL-53(Fe, Ni)

pollutants

rhodamine B, 100
mg L

b02 RGO/MIL-101(Fe) (reduced graphene oxide) trichloroPhenol, 20
mg L~

03  MIL-101(Fe)

04  MIL-88A (Fe)/cotton fibres (MC) oxyteracychne, 10
mg L
0S  MIL-88A(Fe)/cotton fibers (MC)

06 MIL-88A(Fe)/cotton fibers (MC) chlortetracyclme, 10
mg L!

07 iron/carbon (Fe,C) composites derived from
MIL-88A

08 Fe@N-doped graphene (g-C;N,) assisting
NH,-MIL-53(Fe)

09 Fe-MIL-101 on nanofibers of polyacrylonitrile
(PAN)

10 Composites of core—shell Fe;O,@MIL-101
(Fe

11 NH,-MIL-101(Fe) quinone-modified MOF

phenol, 20 mg L™
4-aminobenzoic acid

ethyl ether
bisphenol, 20 mg L™

bisphenol, 60 mg L™

orange G dye, 15 mg L™

tetracycline, 10 mg L™

acid orange 7, 25 mg L™

conditions removal % references

catalyst, 300 mg L7} PDS, 0.1 mM 93.9% within 37
180 min

catalyst, 0.5 g L™'; PS, 20 mM; pH 3.0 92% within 79
180 min

catalyst, 0.1 g L% PMS, 0.05 mM; pH 3.0 74.0% 75

catalyst, 2 g L™'; PDS, 1 mM; pH 4.04 97.5% 81

catalyst, 2 g L™'; PDS, 1 mM; pH 4.04 95.2% 81

catalyst, 2 g L7} PDS, 1 mM; pH 4.04 100.0% 81

catalyst, 0.3 g L™'; PS, 0.3 g L™'; pH 6.1 98.23% in 60 min 76

catalyst, S0 mg L™'; PMS, 0.65 mM; pH 7.0 100% in 60 min 82
catalyst, 0.4 g L™'; PMS, 02 g L™!; pH 7.0 100% in 6 min 83
catalyst, 1.0 g L™'; PS, 25 mmol L™'; pH 3.58  98.1% in 60 min 84

catalyst, 0.2 g L™'; PS, 10 mmol L™'; pH 97.7% in 180 min 85

5.76; T = 25 °C

porous Co@C nanoboxes exhibits good stability, with a p-
chloroaniline degradation rate of 93.9%. In Co@ZIF, the NC
demonstrated greater catalytic activity than ZIF-67 alone.”® A
similar study performed using core—shell copper—cobalt—zinc
oxides consisting of Cug,Co, 430, and ZnCo, 0, derived from
ZIF-8 (CuCoZnO/C) showed 60% phenol degradation after
the tenth successive cycle, implying the blockage of the reactive
sites with the pollutants or intermediates.”

Further, the combination of PMS/PDS, utilizing ZIF and
sonolysis, offers a powerful method for the effective
degradation of pollutants. In a study, a combination of ZIF-8
nanomaterials and sonolysis was used for PDS activation and
acid orange dye degradation.” In a study, ZIF-67/PMS system
shows effective rhodamine B degradation in the presence of
UV irradiation and ultrasonication, as it helps in the activation
of PMS and generating an excessive amount of free radicals.”
Various species like H,0, $,04*7, and HSO;" intervene,
generating OH® and SO,*” radicals and leading to the
increased degradation efliciency of the dye. Integration of
sonolysis with MOF-activated PDS increases the final perform-
ance of the process synergistically and reduced the overall eco-
toxicity of Acid Blue 7.°> Extensive research has been
conducted to evaluate the usage of ZIF-MOFs as PMS/PS
precursors in degradation experiments, and a summary of them
have been listed in Table 4

3.2. Materials Institute Lavoisier (MIL). MIL-MOFs are
formed by mixing metal ions (Cr, Fe, Al Ti, and V) or
transition metal oxides (TiO,, V,0s, Cr,0;, and Fe;0,) and
an organic molecule with two carboxylic groups, which is used
as linker. Typical organic linkers used are galacturonic acid,
succinic acid, fumaric acid, and terephthalic acid. MIL-MOFs
have a specific crystal structure known as the face-centered
cubic (fcc) topology. This structure is characterized by a
repeating unit cell consisting of a cube-shaped cage formed by
12 metal ions and 8 organic ligands. The cubes are linked
together by additional metal ions and ligands to form a three-
dimensional porous network. Most of the MILs have an
octahedral nanocrystal shape within a range of 100—800
nm.”>’® The specific composition, size of the metal ions, and
organic ligands used in MILs can be tailored to achieve specific
characteristics, like larger specific surface area, large pores,
chemical stability, etc. Various research performed to evaluate

34269

the usage of MIL-MOFs as PMS/PS precursors in degradation
experiments are listed in Table 5.

In a study, iron based MIL-88A acting as a heterogeneous
catalyst for PS activation was synthesized using Fe,O; and
fumaric acid in deionized water and exhibited a crystalline
hexagonal rod shape morphology with a size range of 100—800

The Fe’* ions from Fe,O; induce the formation of
sulfate radicals, leading to the decolorization of rhodamine B
dye (eq 7).”” Rhodamine B degradation used MIL-53(Fe, Ni),
having a spindle structure and an average diameter of 2.2 nm
with a high surface area facilitating the adsorption and
dispersion of dye on to the active sites, for the activation of
PDS.” Bimetallic organic frames MIL-53(Fe, Ni) are effective
for rhodamine B degradation as compared to iron-based MIL-
88A.””7% According to Xu et al. (2020), a reduced graphene
oxide/MIL-101(Fe) was created as a heterogeneous catalyst
that could activate PS for the trichlorophenol degradation by
offering a lot of active sites for effective adsorption and
conductive RGO.” They discovered that the metal nodes and
organic ligands worked together synergistically to activate
PMS/PS, resulting in the production of sulfate and hydroxyl
radicals. 37,79

Fe'™ +5,0," = Fe’* + 8,0,"" (7)

Most of the MIL-88 MOFs are predominantly used in
combination with UV irradiation. MIL-88-A in the presence of
UV light results in both adsorption and degradation processes,
showing the synergistic effects for naproxen degradation.*’
According to Wang et al. in 2022, the Fe—O bond is important
for PDS activation under UV light irradiation, as it
demonstrates the effective bonding of MIL-88A(Fe) to cotton
fibers (MC). Fixed bed tests reveal that 4.8 L of a tetracycline
antibiotics matrix solution can be successfully treated in 24 h
and that over 80% of antibiotics can be eliminated after 24 h.*’
The potential mechanism was investigated using active species
scavenging studies, which revealed that SO,*™ radicals were the
primary active species, w1th OH"* being the secondary main
radical in the process.”’ Similarly, under visible-light
irradiation, MIL-101(Fe)/g-C5N, composite catalysts exhibit-
ing a uniform octahedral structure are extremely active and
durable for activation of PMS for tetracycline hydrochloride

https://doi.org/10.1021/acsomega.3c02977
ACS Omega 2023, 8, 34262—-34280
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Table 6. University of Oslo (UiO) as PS/PMS Activators for Different Types of Organic Pollutant Degradation

no. UiO/ catalyst

01  magnetic particles with codoped Fe;0, encapsulated in
zirconium-based MOFs (Co—Fe;0,@UiO-66)

02  MnO,/UIO-66 composite

mg L

mg L~
03  Uio-66-NH,-ferrocene hybrids with g-C;N, (U-F@CN)
mg L!
04  ZnFe,0, loaded on UiO-66-NH,
mg L!
05  UiO-66-NH, with transition metal modification (Fe-UiO-
66-NH,, Ni-UiO-66-NH, and Co-UiO-66-NH,)
06  co-anchored single atom on sulfhydryl-decorated UiO-66

mg L'

(Zr-MSA-Co) mg L'
07  NH,-UiO-66@BiOI composite photocatalyst with BiOI ~ bisphenol A,
incorporation 10 ppm
08  Co-UiO-66, cobalt-doped zirconium-based MOF rhodamine, 30
mg L!
09  UiO-66-NH, derivatized with benzothiadiazole modified  sulfamethoxazole,
g-C,N, (UiO-66-NH-BT@g-C;N,) 10 mg L~

10 UiO-66-NH-BT@g-C;N,-UiO-66-NH, functionalized

with benzothiadiazole on carboxyl modified g-C;N, mg L'

pollutants

fenitrothion, 10
oxytetraclycline, 50
bisphenol-A, 20
tetracycline, 25
bisphenol A, 20

norfloxacin, 20

tetracycline, 20

conditions removal % references

catalyst, 1 g L™; PMS, 1 mM; T  90.0% in 60 min 91
=25°C

catalyst, 50 mg L™'; pH 7.0 79.5% once cycle, 66.2% 94

four cycles

catalyst, 100 mg L™ PMS, 0.2 100% in 60 min 90
g L™ pH 6.0; T =25 °C

catalyst, 20 mg; PS, 3—5 mg 96.2% one cycle, 83.6% 95

five cycles

catalyst, 10 mg L™"; PMS, 15 97.5 in 60 min (Fe-UiO- 96
mg L™'; pH 6.0; T = 25 °C 66-NH,)

catalyst, 0.1 g L™'; PMS, 1.5 99.4% in 240 min 88
mM; pH 6.8; T =25 °C

catalyst, 10 mg L™'; PMS, 1 99.4% in 12 min 65% 93
mM; pH 6.0; T = 25 °C mineralization

catalyst, 10 mg L, PMS, 5 mg; 97.3% in 45 min 92
pH 6.0; T =25 °C

catalyst, 5 mg L% PS, 30 97.6% one cycle, 91.8% 97
mg L' pH 5.0; T = 25 °C five cycles (80 min)

catalyst, 0.3 g L4 PMS, 0.4 98.5% in 8 min 89

mM; pH 529; T = 25 °C

(TC) degradation. Both radical and nonradical mechanism
pathways were involved. The high concentration of active Fe
sites and the sizable surface area of the MOF are responsible
for MIL-101(Fe) catalytic activity.”' It has been concluded
that the synergistic effect between g-C;N, and MIL-101(Fe)
significantly increases in the presence of light, and the catalyst
was structurally stable during the reaction, as the ratio of Fe
precursor in the catalyst was same before and after the
process.”!

The PMS decomposition in an acidic environment provides
excessive production of SO,*” radicals and OH® radicals

formation starts as the pH of the environment increases (eq
8).82

$O,"” + OH™ - SO,*” + *OH (8)

Fe ion leaching was observed to be 0.19 mg L™ in the MIL-
101(Fe)/PMS process, which is nontoxic to the environ-
ment.”” Fe-MIL-101 on nanofibers of polyacrylonitrile was
effectively synthesized, and it was observed that the amount of
Fe leaching was 0.13 mg L™, which is less as compared to
various other Fe-based MOF studies.”

3.3. University of Oslo (UiO). A University of Oslo (UiO)
MOF is based on a primary building unit made up of linkers
(dicarboxylic acid; 1,4-benzenedicarboxylic acid, mercaptosuc-
cinic acid, terephthalic acid, etc.) and metal ions as a secondary
building unit (Zrs(0),(OH), ZrCl,, etc.). The solvothermal
approach was used to create UiO-66(Zr) from ZrCl, and 1,4-
benzenedicarboxylate (BDC), having pore cages that are
octahedral and tetrahedral.*° The thermodynamic stability of
UiO-66 was superior, and the results of the experiments
revealed that the framework is durable at pH 14.%” It also has
qualities like an adequately uniform and large pore size and a
predetermined surface area. UiO-2 is a very porous substance
with a greater surface area suitable for adsorption and catalytic
reactions. At room temperature and neutral pH levels, UiO has
been proven to be an excellent catalyst for PS/PMS
activation.”® The most commonly employed UiO-MOFs in
degradation research are UiO-66, UiO-67, UiO-68, and UiO-
69, with UiO-66 being the maximum used either directly or
with modifications. Most of the UiO-based MOFs exhibit
photocatalytic activity, and hence combining photopersulfate
activation by UiO increases the degradation efficiency.

34270

UiO-66 has been reported to stimulate PMS for the
breakdown of variety of pollutants, including bisphenol A
(BPA), norfloxacin, and sulfamethoxazole.”>*”*%*° Sulfhydryl-
decorated UiO-66 embedded with single-atom Co (Zr-MSA-
Co) provides Co’" ions that activate PMS to form SO,*~
radicals, which react with norfloxacin, and the remaining
sulfate radicals are involved in the formation of OH® radicals.
The increased activity was attributed by the researchers the
significant contact between the S—Co—S active sites and Co
being the active center of UiO-66 and PMS, which encouraged
the production of sulfate radicals.*® This study indicates the
elevated degradation efficiency of Zr-MSA-Co/PMS in real
water matrices in the presence of Cl~ and HCO;.* In
another study, Yin et al. in 2021 synthesized a modified UiO-
66 MOF by the interaction with Fe;O, nanoparticles resulting
in formation of dual active centers of Fe—Zr.>® In another
study, a Co-Fe;O,@UiO-66 composite eliminates maximum
amount of fenitrothion (FNT) when compared to pristine
UiO-66 MOF or PMS. In this case, FNT may be converted to
phosphate, leading to secondary pollution, where UiO-66
shows a high affinity by absorbing the released phosphate.”!
PMS activated by a zirconium-based MOF doped with cobalt
(Co-Ui0-66) was applied to degrade rhodamine B, and both
radical and nonradical degradation pathways were observed.
The degradation efficiency of catalyst decrease for the fifth
successive reuse, potentially due to Co*" leaching, which
reduces the active site for the activation of PMS.”> In
wastewater treatment, various inorganic anions like NO;~
exist that inhibit both the adsorption of the target pollutant
and PMS activation.”” A BiOl-incorporated NH,-UiO-66
composite under simulated visible light showed 80% bisphenol
A degradation even in the presence of inorganic anions such as
CI", HCO;™, and NOj;™. In this method, PMS activation is
enhanced by the introduction of various active sites due to the
Z-scheme heterojunction. This study also states that excess
amount of PMS reacts with the already formed reactive radicals
and reduces the effectiveness of the complete process.”” The
UV/H,0,/PMS-MnO,/UiO-66 system might be effective in
treating oxytetracycline-containing wastewater without prior
pH adjustment, indicating the effectiveness of the combined
method.” Various studies of UiO-based MOFs as catalysts for

https://doi.org/10.1021/acsomega.3c02977
ACS Omega 2023, 8, 34262—-34280
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Table 7. Prussian Blue Analogs (PBA) as PS/PMS Activators for Different Types of Organic Pollutant Degradation

no. PBA pollutants conditions removal%  references
01  Zn—Co Prussian blue analogues methylene Blue, 100 catalyst, 0.1 mg L% PMS, 1.0 g L5 100% in 98
mg L-7! pH 6.30; T =25 °C 10 min
02  Fe—Co PBA/polyacrylonitrile nanofibers bisphenol A, 20 mg L' catalyst, 233 mg L™'; PMS, 500 67% in 103
mg L7} pH 2.8; T = 20 °C 240 min
03  PBA with poly(m-phenylenediamine) nanomaterials (PBA@ rhodamine B, 15 catalyst, 0.1 g L™'; PMS, 03 g L™; T 100% in 104
PmPDs) PBA Fe—Co—Co@PmPDs mg L! =25°C 60 min
04 Fe/Co Prussian blue analogs (PBAs) bisphenol A, 20 mg L' catalyst, 0.2 g L™'; PMS, 02 gL™; T 96% in 105
=25 °C 2 min
0S Co—Fe PBAs@rGO analogues of Co—Fe Prussian blue (Co— levofloxacin catalyst, 50 mg L™'; PMS, 0.1 g L™';  97.6% in 107
Fe PBAs) with graphene oxide hydroclhloride, 20 pH 5.5; T =20 °C 30 min
mg L~
06  magnetic carbon/cobalt/iron (MCCI) nanocomposite, PBA,  rhodamine B, 10 catalyst, SO mg L™'; PMS, S0 mL™'; T 100% 106
cobalt hexacyanoferrate Co;[Fe(CN)¢], mg L™ =30 °C
07  iron-based PBAs (Co—Fe PBA, Mn—Fe PBA, Cu—Fe PBA, p-Nitrophenol, 20 catalyst, 0.2 g L7 PMS, 1 g L pH 90% in 100
and Fe—Fe PBA) mg L™ 7.0; T = 30 °C 60 min
08  Mn,¢Fe,,0, nanospheres bisphenol A, 10 mg L™! cate;}lys;,so.;g I{;;oléMS, 02gL™; 95;/00 in 108
pH75 T= min
09  mesoporous Mn,Co;_,O, nanocages carbamazepine - catalyst, 50 mg L™'; PMS, 0.5 Mm; 100% in 102
21.16 uM pH 6.0; T =25 °C 30 min
10 NiCo(Fe)-O, bisphenol A, 30 mg L' catalyst, 50 mg L™%; PMS, 02 g L™%;  99.9% in 109
pH 6.0; T =25 °C 100 min

PMS/PS activation used for the degradation of organic
pollutants are listed in Table 6.

3.4. Prussian Blue Analogs (PBA). The formula
M3W[MI(CN),], denotes Prussian blue analogs (PBAs)
(MII = Co, Cu, Fe, Mn, Ni; MIII = Co, Fe), which are one
form of MOF structure made up of cyanide-containing metal
sites arranged octahedrally.”***”®”” During high-temperature
pyrolysis, they are directly convertible to porous carbon
frameworks while preserving their well-defined surface area
(400—450 m?* g7'), resulting in a carbonaceous substance
having more surface area and interrelated porosities, which
helps to improve catalytic performance.”® PMS activation by
PBA is more smoothly attained due to its distinct internal
chemical tunability. Using Prussian blue analogs to produce
bimetallic center catalysts for PMS activation is a potential
strategy.99 However, little is known about how coexisting
anions, which are ubiquitous in water matrices, influence the
PMS activation by Prussian blue analogs to eliminate
pollutants from the environment.'*”'°" In a study, various
N-ligand metals were prepared to know the effect of the metal
species (Mn—Fe PBA, Co—Fe PBA, Cu—Fe PBA, and Fe—Fe
PBA) on p-nitrophenol degradation, where pH played an
important role in the process of degradation. PMS gets self-
decomposed in alkaline conditions by forming SOs*~, which
tends to be less reactive; additionally, PMS is more stable
under acidic conditions, which makes sulfate radical formation
relatively slower.'” Mn, g 5)Co3_,0, nanocages prepared using
the self-assembly method formed a spindle-like structure and
demonstrated catalytic activity, recyclability, and long-term
stability over a wide range of pH (5.0—8.0). The catalyst
prepared with a surface area of 75.24 m*> g~' and a pore size of
0.206 cm® g~' provides higher activation of PMS molecules
compared to other PBA MOFs. This study demonstrates that
the catalysts (Mn,Co,s0O,) have high catalytic activity and a
lower concentration of metal leaching even after five
consecutive cycles.'"”

In a study by Wang et al. in 2018, porous nitrogen-doped
carbon (PNC) microspheres synthesized using in situ pyrolysis
of Zn—Co PBAs act as a catalyst support for PMS activation,
which results in more pores, an increased graphitization
degree, and an ample amount of nitrogen substitution,
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resulting in effective organic pollutant degradation within 10
min. The 7-electron of the carbocatalysts cleaves a PMS (—O—
O-) bond for the decomposition of pollutants into CO,, H,O,
and mineralized acids by the action of SO,* radicals and OH*
radicals. Pyrolysis temperature had an evident effect on the
catalytic performance of PNC-800. The catalyst prepared at a
lower pyrolysis temperature was less effective than the catalyst
prepared at a high pyrolysis temperature.”® Another study by
Wang et al. in 2019 reported that Fe—Co PBA/polyacryloni-
trile (FCPBA/PAN) nanofibers with an average size of 800—
900 nm were easy to fabricate and can be utilized in industrial
sectors, as they provide excellent reusability under acidic pH.
The Co*" and Fe®" get oxidized in the presence of HSO;s™ to
produce SO, radicals, and Co®" and Fe** react with SO~ to
produce Co’* and Fe?* radicals, respectively, from HSO;™. The
leaching of Co ions from FCPBA/PAN was less as compared
to Co—Co PBA/PAN after the reaction, indicatin% the
combined effect of Co and Fe can subdue Co leaching.'”® In
a similar study, Fe—Co—Co PBA@poly(m-phenylenediamine)
(PmPD) catalysts exhibiting a truncated-cube morphology
with 530—730 nm in size were developed and utilized for the
effective removal of rhodamine B (RhB) with a lower amount
of toxicity to the environment. Co?* and Fe?* activate the PMS
once it is transferred from the PmPD shells onto Fe—Co—Co
PBA surface, later generating SO,*” radicals. Co** and Fe®"
reacting with HSO4™ generates SO~ radicals which gets
converted to SO,°~ radicals and OH® radicals reacting with the
pollutants and forming degradation products.'”* Core—shell
PBA (morphology-polygonal cube) provides a high surface
area (576.2 m*> g') and Fe/Co element ratio (1:1.12), which
is higher than the previously mentioned catalysts.'”> Co
leaching reduces when the catalyst Fe—Co—Co PBA is coated
with PmPDs.'%'** Prussian blue analog cobalt hexacyanofer-
rate Co3[Fe(CN)6]2 used to prepare a magnetic carbon/
cobalt/iron (MCCI) nanocomposite having an octahedral
structure, which exhibited higher activation of PMS as
compared to the C0;0,.'% This study indicates the reduction
in the degradation process due to the reduced concentration of
PMS. Due to the presence of carbon, cobalt, and cobalt ferrite,
MCCI acted as a magnetic heterogeneous catalyst for PMS
activation, which can be reused again.'”° A toxicity study was
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Table 8. Others MOFs as PS/PMS Activators for Different Types of Organic Pollutant Degradation

no. MOFs/ catalyst pollutants conditions removal % references
01 Co/Co0/Co4Sg@carbon hybrid (Co/Co0O/CoySs@ sulfamethoxazole, catalyst, 100 mg L% PMS, 0.8 98.78% in 10 min, 116
NSOC) with N,S,0 doping 20 mg L™! mM; pH 6.0; T =25 °C 90% after 8th cycle
02  lanthanum oxide coated with porous carbon derived from  butylparaben catalyst, 0.2 g L™'; PS, 1 mM; pH 90% 117
MOFs (La-MOF-900) —S ppm 5.7, T=25°C
03  lanthanum oxide coated with porous carbon derived from  arsenite —5 ppm catalyst, 0.2 g L™'; PS, 1 mM; pH 80% 117
MOFs (La-MOF-900) 8.6
04  metal—organic framework-2 (MOF-2) nanomaterial (NM)  acid blue, 7—10 catalyst, 0.6 mg L-1; PS, 6 76.44% in 60 min 118
with ultrasound (US) mg L mmolL™"; pH 5.0; US power,
150 W
0S  nitrogen-doped Cu/Fe@PC nanocomposite (Cu/Fe@PC- rhodami?e B, 50 catalyst, 0.1 g L™; PMS, 0.2 g L™ 100% in 30 min 32
N) mg L~ ; pH 4.5
06  metal—organic bimetallic frameworks (FeCo-BDC) phenanthrene, 1.0 catalyst, S0 mg L™'; PMS, 0.6 99.0% in 30 min 119
mg L™ mM; pH 3.15 T = 25 °C
07 Fe@C composites derived from MOF sulfamethoxiazole, catalyst, 0.4 g L™'; PS, 0.2 mM;  98.3% in 90 min 33
10 mg L™ pH Ambient; T = 30 °C
08 Fe;0,@MOEF-2 nanocomposite diazinon, 30 mg L™ catalyst, 0.7 g L™'; PS, 10 98.0% in 120 min, 120
mmol L™; pH 3.0; T = 30 °C 94.8% 15th cycle
09  carbon composites with embedded CoxMn; O, bisphenol A, 0.1 catalyst, 0.1 g L™'; PMS, 1.0 mM  100% in 3 min 121
nanoparticles (CoxMn3-xO, -C) mM
10  Fe(II)-based MOFs sulfamethoxazole, catalyst, 0.5 g L™; PS, 2 mM; pH  97% in 180 min, 77% 35
0.04 mM Ambient; T = 30 °Cn PS decomposition
11 3D rose-like MoS, tetracycline, 8 catalyst, 0.3 g LY PMS, 1-2 98.9% in 60 min 122
mg L' mM; pH 7.0; T = 20 °C
12 bimetallic nitrogen-doped hybrid nanorods (FeCo-NC) bisphenol A, 50 uM catalyst, 100 mg L™!; PS, 0.5 mM; 100% in 20 min 123
pH 7.0; T = 25 °C
13 Ni—Fe—C-600-acid/GO bimetallic nanocomposite prepared p-chloroaniline, catalyst, 15 mg L™; PDS, 0.25 95.4 in 60 min 124

0.1S mM

from 2D network of Ni—Fe-MOF and graphene oxide.

mM; pH 5.0; T = 25 °C

performed on Vibrio fischeri by a luminescent bacteria assay,
which indicated that PMS was not toxic and that toxicity
continuously decreased the concentration of the PMS
increased.'”” It is important to analyze the toxicity of the
resulting intermediates in a degradation study. PBA MOFs
used for PMS activation are listed below in Table 7.

Other Metal—Organic Frameworks. There are various
other MOF structures present that are widely used for the
efficient removal of organic pollutants by acting as catalysts for
PMS/PDS activation, such as HKUST, the combination of
MIL and ZIF MOFs, etc. Bimetallic cobalt—zinc MOF (Zn/
Co-MOF@rGO-600) has shown PMS activation, resulting in
the removal of 91.66% of tetracycline."'’ Mn,¢Fe,,0,
magnetic nanoparticles in crystal form were effective at
degrading bisphenol A and can be regenerated in the open
space by 450 °C thermal treatment. Obtained results of this
study show that transition metal activation of PMS should be
combined with appropriate amounts of Cl” and bicarbonate to
ensure extremely effective degradation.''' A nickel—cobalt
layered double hydroxide (NiCo-LDH) catalyst prepared for
PMS activation degraded reactive red 120 dye by 89% in 10
min and 83.6% after five consecutive cycles.''” In a study using
bimetallic Fe—Cu organic frameworks (Fe-Cu-MOF@C),
complete degradation of 2,4-dichlorophenol was observed in
90 min and good stability was provided after multiple uses;
additionally, the catalyst can be regenerated by heat treat-
ment.'"? A study by Liu et al. from 2022 shows that Cu/Fe@
PC-derived MOF leads to self-decomposition of PMS by
generating singlet oxygen ('O,) radicals.*” The high surface
area and porosity of HKUST-1 can enhance organic pollutant
adsoggtli&n, increasing the effectiveness of PMS/PS oxida-
tion.™”

HKUST impregnated with nickel nitrate catalysts (CuNi@
C) revealed a unique PMS activator for acid orange 7 (AQO7)
oxidative degradation and good reusability. In 60 min, 100%
degradation of 0.675 mmol L™" AO7 was observed but was

negligible when PMS was applied alone. Cu®" and Ni*"
synergistically uncover the activation sites on the CuNi@C
catalyst activating PMS, leading to formation of SO,*~”
radicals.""* The mechanism of PMS activation on HKUST-1
involves the generation of Cu(I[)—O—O—Cu(Il) species,
which can activate PMS effectively and generate sulfate radicals
for tetracycline degradation. Addition of g-C;N, to CuMOF
lowers the emission peak compared to simple g-C3N,. As the
amount of CuMOF increases, the photocatalytic PMS
activation increases. In the presence of solar light, the g-
C;N,/CuMOF electrons react with PMS to form SO,*”
radicals. Cu(Il) reduces to Cu(I) in the presence of PMS,
generating SO,°” radicals, OH® radicals, protons, and O,"”
radicals.'”” In a study by Zhang et al. from 2020, more than
95% of rhodamine B and methylene blue was degraded within
120 min under visible light using HKUST-1.* The HKUST-
1/PMS/Vis process enhances photolysis because of the
selection of PMS as an electron acceptor. PMS also undergoes
self-decomposition by obtaining photoelectrons from HKUST-
1 and generates SO,*” radicals and OH® radicals. Free radical
generation is confirmed by quenchers exhibiting scavenging
activities. In the degradation process of rhodamine B (RhB) by
HKUST-1/PMS/Vis, the presence of radical scavenger ethanol
inhibited RhB, and tertiary butanol did not show inhibitory
effect, which confirms the major oxidizing free radical as
S0O,*~.** Several research studies that have been conducted to
evaluate the usage of different types of MOFs as PMS/PS
precursors in degradation experiments are listed in Table 8.

4. PEROXYMONOSULFATE/PERSULFATE
ACTIVATION USING BIOCHAR-BASED MOFS

Biochar and hydrochar in combination with MOFs have
demonstrated significant potential for activating PMS/PS in
the elimination of organic contaminants from the aqueous
matrices.””'** Biochar is a carbon-rich substance produced by
the pyrolysis of organic waste that contains more oxygenated

https://doi.org/10.1021/acsomega.3c02977
ACS Omega 2023, 8, 34262—-34280


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02977?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

Table 9. Biochar-Based MOFs as Catalysts for PMS/PDS Activators for Different Types of Organic Pollutant Degradation

biochar/

no. MOF hydrochar

01  BC/CoNC biochar composite catalyst derived from ZIF-67 and
peanut shell

02  ZIF-67-containing lotus leaf biochar substrate (LLZ)

peanut shell
lotus leaf
03  Co@NPC-CMB-x, Co@ZIF reinforced cow manure biochar

(CMB)-
04  Cobalt nanoparticles composite (Co@N-BC)

biochar
05  Co;0,/C mounted biochar (Co;0,/C-BC) with ZIF-67 Eichhornia
crassipes
06  Fe-MOF-CC@MoS, bimetal composite corncob biochar corn cob
catalyst
07  Fe-MOF-CC@MoS, bimetal composite corncob biochar corn cob
catalyst
08  Fe-MOF-CC@MoS, bimetal composite corncob biochar corn cob
catalyst
09  Fe-MOF-CC@MoS, bimetal composite corncob biochar corn cob
catalyst

10  MOF-Co precursors, ultrafine Co NPs (S nm) were uniformly
embedded into carbonizing rose petals BC (Co@RBC800)

rose petals

ginkgo leaves

conditions removal % references

ciprofloxacin, 20 mg L7Y PMS, 1 mM; 95.9% within 30 min 127
Catalyst -0.2 gL-1; pH 5.7

levofloxacin, 5 mg L™'; PMS, 150 mg mL™";  99.2% within 16 min 126
pH=64; T=22°C

carbamazepine, 15 mg L catalyst, 50 100% in 10 min 128
mg L™'; PMS, 0.4 mM; pH 6.8; T = 25 °C

doxycycline, S0 mg L™'; catalyst, 0.4 g L™';  92.72% in 30 min 40
PS, 0.4 mM; Without pH adjustment

bisphenol A, 20 mg L catalyst, 0.3 g L™5  100% in less than 30 133
PMS, 1.0 mmol L™'; pH 7.0; T = 30 °C min, 92% after six

cycles

ciprofloxacin, 20 mg L7} catalyst, 0.1 g L7 92.30%, 76.5% after five 134
PMS, 10.1 g L™'; pH 6.5 cycles

tetracycline hydrochloride, 20 mg L™'; 96.51% 134
catalyst, 0.1 g L% PMS, 10.1 g L pH 6.5

nitrofurantoin, 20 mg L catalyst, 0.1 g L7 88.96% 134
PMS, 10.1 g L™'; pH 6.5

sulfamethoxazole, 20 mg L™'; catalyst, 0.1 80.76% 134
g L7, PMS, 10.1 g L™ pH 6.5

levofloxacin, 10 mg L catalyst, 0.2 g L™ 100% in 10 min 129

PMS, 0.5 mM; pH = 4.5; T = 25 + 1 °C

functional groups and has a higher graphitization degree,"’
whereas hydrochar is created by hydrothermal carbonization of
biomass. Both materials have a porous structure that can be
altered further by the addition of metal ions to generate MOFs.
Pristine MOFs have low reusabili? for PMS activation, which
can be improved using biochar."

According to Zhang et al. in 2023, ZIF-67 used to derive
BC/CoCN derived from ZIF-67 was applied for PMS
activation and showed effective ciprofloxacin degradation.
When the amount of biochar is high, it provides more active
sites of CoNC. The biochar provides uniform transportation
and expansion of CoNC by reducing agglomeration and
creating space for catalytic action. SO,*” radicals are produced,
which react with water to produce OH® radicals. PMS self-
decomposition and C=0 in the catalyst produce 'O,
radicals.'”” Therefore, as the concentration of the catalyst
increases, the rate of removal of the pollutants also increases.
In one study, a nitrogen-enriched BC-encapsulated cobalt
nanoparticle composite (Co@N-BC) derived from ZIF-67
precursors was produced for PS activation employing a one-
step pyrolysis process for the removal of doxycycline, and it
demonstrated excellent stability and resistance to inorganic
ions. Persulfate (S,04°7) gets activated by cobalt nanoparticles
and undergoes homolytic cleavage to form SO,*” radicals,
which contribute heavily in the mineralization of doxycycline.*
With respect to biochar, the degradation rate is independent of
pH, as it shows effective results at varying pH."”'*® The
temperature used during pyrolysis is critical in the preparation
of the catalyst. Biochar prepared at high temperatures (700—
1000 °C) provides more active sites by exhibiting higher
crystallinity and a higher graphite degree.'”*'*” The degrada-
tion mechanism was investigated using quenching studies,
electron paramagnetic resonance (EPR) tests, and X-ray
photoelectron spectroscopy (XPS) analyses, which revealed
that the radical and nonradical routes teamed up leading to the
oxidation reaction.'”””'*® Biochar may act like electron
mediator accepting e~ from PMS (lattice oxygen) and may
lead to free e~ transfer in between ZIF-67 and biochar, later
converting Co(III) to Co(II)."**

MOFs supported by biochar have several advantages over
simple MOFs that make them more effective for certain
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applications. First, biochar is a low-cost and renewable
resource that is widely available. This means that biochar-
based MOFs can be produced at a lower cost, and they are
typically synthesized from expensive metal—organic com-
pounds and cost-effective raw waste like lotus leaf, cow
manure, etc.'>*'*>'?® Second, biochar has a porous structure,
which allows for the incorporation of metal ions to form
MOFs. The porous structure of biochar provides a high surface
area for the metal ions to attach, which enhances the catalytic
activity of the MOFs."”” According to Lei et al. in 2022, a Co
nanoparticles carbon (Co@NPC)—cow manure biochar
(CMB)-x biochar-based catalyst was synthesized, and biochar
provided excellent catalytic performance of the Co**/PMS
system.128 In a strong acidic environment with an excess of H+
ions in the solution, the O—O bond of the PMS molecule
breaks and forms a hydrogen bond, causing radicals to be
consumed.”*® In contrast, simple MOFs have a crystalline
structure with well-defined pores that can be restricted in size
and distribution. Third, biochar is a carbon-rich material that
can act as a reducing agent, improving the MOFs’ stability.'**
The reducing properties of biochar can help to mitigate this
degradation and extend the MOFs lifespan.*” Table 9
provides a list of some organic pollutant degradation by
activated PMS/PS by biochar-modified MOFs.
Hydrochar-based MOFs for the activation of PMS/PS can
be explored, as there are recent studies based on hydrochar-
based organic pollutant degradation. The regeneration
investigations in a study by Jais et al. in 2021 revealed that
the removal of both crystal violet dye and tetracycline was
reduced during the first cycle and sustained until the fourth
cycle, revealing the solvothermal development of NiFe-MOF
on sugar cane baggase hydrochar and producing a stable and
recyclable adsorbent. NiFe-MOF@acetylcholine provided a
surface area 2.3X and 7X higher as compared to the original
biochar and the NiFe-MOF, respectively.'>' Therefore, it can
be an effective way to reduce the cost and increase the catalytic
oxidation of the catalyst."*""** Hydrochar-based studies need
to be performed and analyzed more, as the use of hydrochar
can be an efficient method for environmental remediation.

https://doi.org/10.1021/acsomega.3c02977
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Table 10. MOF-Based PMS Activation Using Aerogels and Hydrogels for Degradation Studies

no. MOF AG/HG condition removal %  references
01  ZIF-67@cellulose aerogel cellulose p-nitrophenol, 20 mg L™Y; catalyst, 600 mg L% PMS, 20, 30, and  80% within 142
aerogels 40 mg (PMS, 600 mg L™*); pH 6; T = 25 °C only
20 min
02  ZIF-67@cellulose aerogel cellulose tetracycline hydrochloride, 20 mg L™ catalyst, 600 mg L™'; PMS,  80% within 142
aerogels 20, 30, and 40 mg (PMS, 600 mg L™Y; pH 6; T =25 °C only
20 min
03  cobalt-ZIF@Sugar cane Bagasse Cellulose Aerogels  cellulose p-nitrophenol, 10 mg L™'; GEL, 100 mg L™'; PMS, 1 mM; pH 6.8;  98.5% in 141
aerogels T=25°C 60—70 min
04  compressible 3D Fe-doped nitrogen carbon/gelation  gelatin tetracycline, 30 mg L7 PMS, 0.3 g L% volume, 100 mL 94.3% in 143
aerogel (Fe@NC-800/AG) aerogels 60 min
05 cellulose aerogel composite from nanotubes cellulose tetracycline, 40 mg L™'; catalyst, 400 mg L™'; PMS, 400 mg L™" 97.1% in 140
(CoFe,s@NCNT@CA) aerogels 20 min
06  MIL and ZIF doped by Fe/Co and nitrogen with graphene trichloroacetic acid, 10 mg L™!; PMS, 4 mM; catalyst, 1 g L pH 812% in 139
graphene aerogel (C-FeCo, C-CoMIL, C-FeZIF) aerogels 5.0 160 min
07  ZIF-9 and ZIF-12 loaded on cellulose aerogels cellulose p-nitrophenol, 20 mg L™'; PMS, 600 mg L™'; catalyst, 600 mg L™';  90%in 138
aerogel pH 6.0; T =25 °C 60 min
08  ZIF-9 and ZIF-12 loaded on cellulose aerogels cellulose rhodamine B, 50 mg L7} tetracycline hydrochloride, 30 mg L 90% in 138
aerogel PMS, 600 mg L™'; catalyst, 600 mg L7 pH 6.0; T = 25 °C 60 min

5. MOF-BASED PMS ACTIVATION USING AEROGELS

Hydrogels are broadly defined as the hydrated three-dimen-
sional structure of cross-linked networks with a diverse range
of structural shapes and chemical compositions containing a
significant amount of water.'>'3¢ MOFs, on the other hand,
can interact with other constituents or modify the character-
istics of hydrogel matrices.”””'*° Aerogels are extremely
lightweight nanoporous materials having a continuous 3D
nanoporous network structure made up of nanoparticles that
have unique structural characteristics like low density, high
surface area, and tunable pore volume and high porosity,
among others."*> The application of MOFs as adsorbents is
limited due to their poor stability and difficulty in regeneration.
Incorporating MOFs into aerogels/hydrogels can be a
potential solution that can improve their stability and allow
for easy regeneration."”*”'*" Co-ZIF@sugar cane bagasse
aerogels provide Co**, which produced reactive species, and
can be recycled, suggesting their wide application for p-
nitrophenol wastewater treatment.'*" Similarly, p-nitrophenol
was degraded using ZIF-9 and ZIF-12 with cellulose aero%el,
where only 90% of the degradation was observed in 1 h."
There are few studies that have explored the use of MOF-
based aerogels for organic pollutant degradation. For example,
according to Wu et al. in 2022, a catalyst prepared using N-
doped C-nanotube/cellulose aerogels derived from a Co—Fe
bimetallic MOF (CoFe;,s@NCNT@CA)/PMS system has
great stability and regenerability after degrading 97.1% of 40
mg L™ tetracycline in 20 min. This is because the hydrolysis of
PMS generates O,°” and the cyclic transformation of Co**/
Co®" is promoted, which leads to the enhancement of SO,*~
radical formation."** In 2020, Wu et al. explained that Co ions
of the ZIF-67 composite play an important part in the
activation of PMS by the ZIF-67-based cellulose aerogels
catalyst for PMS system resulting in tetracycline removal. The
aerogel has external spots, a manageable maximum load
quantity, and excellent reusability.'"*> The 3D compressible
iron-doped nitrogen and carbon with gelation aerogel (Fe@
NC-800/AG) derived from ZIF-L can be reused ten times,
with a tetracycline removal efficiency of up to 90%. Fe’/Fe>"/
Fe*" can produce SO,*”, SO,>7, SOs*~, and OH"* radicals that
undergo cyclic transformation, leading to the degradation of
tetracycline."” Most of the hydrogel-based MOFs used for
PMS/PS activation are ZIF-based, which are listed in Table 10.
Therefore, other MOFs need to be explored with aerogels/

hydrogels for PMS/PS activation for organic pollutant
degradation.

6. DEGRADATION MECHANISM AND INTERACTION
OF MOFS WITH PS/PMS

The mechanism of organic pollutant degradation involves
radical and nonradical pathways by activating the PS/PMS
using MOF-based catalysts. The radical pathway consists of
electron transfers between the MOF-based catalyst and PMS/
PS, where the O—O link within the PMS/PS molecule cleaves
to yield SO,*~.*° Depending on the sort of MOF catalyst
utilized, there are variable electron transfer factors. For
example, if it is a metal-based catalyst, the PMS/PS
decomposition will be initiated by the metal centers. For
biochar/hydrochar or any other carbon-based catalyst, sp*
hybridized carbon and O, functional molecules on the defected
portion will lead to the generation of SO,*” radicals after
PMS/PS activation.">® In nonradical pathways, electron
transfer takes place between the organic molecules of MOF
and PMS/PS, leading to the formation of singlet oxygen.

There are various advantages and disadvantages of these
pathways. The radical pathways exhibit better capability to
mineralize the pollutants completely because of the oxidizing
ability of the free radicals (OH® and SO,*”), but the
regeneration of active sites is difficult and selectivity is not
satisfactory. In contrast, the nonradical pathway provides high
selectivity, high PMS/PS utilization, halide intermediate
byproduct reduction, resistance to radical scavengers, inorganic
ions and natural organic materials, etc. The disadvantages of
the nonradical pathways are the low mineralization capacity,
the slow rate of degradation, and the generated radicals with
moderate redox potential as compared to OH® and SO,*".
These pathways in MOF-based catalysts are unpredictable and
constantly spontaneous, rendering their benefits ineffective.
Figure 3 displays ciprofloxacin degradation by Cu@Co-MOEF-
71-generated CuCo/C-activated PMS via radical and non-
radical routes. In this study, 90% of ciprofloxacin was degraded
within 30 min at optimum conditions by generating reactive
species including SO,*”. OH®, and O,°, as well as nonradical
species such as '0,.""*

The nature of the PS or PMS activation process, as well as
the composition and properties of the MOFs, can influence
specific interaction mechanisms. Here are some examples of
how PS/PMS interact with MOFs:

https://doi.org/10.1021/acsomega.3c02977
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e Adsorption: MOFs adsorb PS or PMS onto their
surfaces due to their high surface area and porosity,
allowing activation throuéh interactions with metal
centers or organic ligands.

Electron transfer: MOFs facilitate electron transfer
reactions in PS/PMS activation by providing redox-
active metal centers, generating reactive species and
electrons from PS/PMS molecules.*

Catalytic reactions: MOFs activate PS/PMS by decom-
posing metal centers, generating reactive radicals like
SO,*” that de$rade contaminants and enhance activa-
tion efficiency. >

Surface reactions: Surface reactions on the MOF
material involve activated PS or PMS species reacting
with contaminants, causing surface-mediated degrada-
tion through electron transfer, radical attack, or oxidative
processes. -

Synergistic effects: MOFs and PS/PMS enhance the
degradation efficiency by providing additional catalytic
sites, stabilizing reactive species, and promoting eflicient
contaminant degradation through cooperative interac-
tions.” "'

Selectivity and contaminant removal: MOFs exhibit
selectivity in degradation studies, preferring specific
contaminants over others, enabling targeted degradation
in complex mixtures and removing problematic com-
pounds.

Therefore, the choice of the MOF in degradation studies
should be carefully considered to optimize the interaction and
enhance the overall degradation performance.

7. CONCLUSION AND FUTURE PROSPECTS

There has been an increase in interest in the advancement of
MOF-based catalysts for activation of PMS/PS to degrade the
organic pollutants from the environment recently. Therefore,
in this Review, we have highlighted the use of metal—organic
frameworks as catalysts in the activation of PMS/PDS, which
are being used for organic pollutant degradation. Further,
moving toward the present research progress, the focus is
shifting toward persulfate activation using a MOF combined
with biochar-based and hydrogel-based methods due to their
environmentally friendly/nontoxic nature. SR-AOPs have
shown significant potential to remove organic contaminants
from wastewater and water. Further research is needed to
optimize the process conditions and investigate the degrading
mechanisms of SR-based AOPs for diverse types of organic
contaminants. Without any doubt, both PDS and PMS are
promising sources of SO,*” and OH® radicals. Some future
prospects related to the studies are mentioned below:

e Among the extensively accessible hydrochars, MOF-
based hydrochars are barely reported for the activation
of PMS/PS leading to pollutant degradation. The
synergy of MOF and hydrochar may elevate the
adsorbent’s versatility by creating composites that are
porous and have more active sites.

Fewer studies have been explored on hydrogel and
aerogel based MOF studies for PMS/PS activation.
Aerogels and hydrogels have been widely used for
various applications, such as water treatment, air
purification, sensor based studies, etc. But further,
these materials with MOFs may be transformed into
environmentally friendly substitutes when compared to a
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metal-based MOF, which leaches out metals and leaves
toxins in the matrix. Compared to MOF and aerogel/
hydrogel separately, an aerogel/hydrogel-based MOF
might be much more effective in the remediation process
of toxic organic pollutants because of the presence of
hierarchical tunable porous composition.

The existing research indicates the increase in the
processability, handling, and environmental resistance of
the aerogel-based MOFs when compared to other forms
of MOFs as catalysts. Hence, these aerogels can be
applied in many areas where the simple MOF
derivatives/composites are not stable.

Further research into the activation mechanism and
surface-active locations of MOF-derived compounds in
PMS/PS activation is required. Sometimes strong
oxidants react with the MOF and leads to structural
damage, leading to the dissolution of metal nodes and
secondary pollutants. Therefore, it is important to assess
all the possible conditions while designing the catalyst
for PMS/PS activation.

The degradation pathways cannot be controlled and
sometimes both the pathways (radical and nonradical)
occur simultaneously, which can be both beneficial and
detrimental because the radical pathway gives great
mineralization and the nonradical pathway has high
selectivity and high PMS/PS utilization. Therefore,
before preparing MOFs or MOF-based catalysts, a
researcher needs to understand the conversion and
balance with respect to these two pathways.

Extensive study on the nonradical pathway reaction
mechanism needs to be explored more.

Further application of these catalysts for the degradation
of other emerging pollutants, such as endocrine-
disrupting chemicals, pharmaceutical products, perfluori-
nated compounds, etc., and the degradation of mixtures
of these pollutants could be evaluated.

Limited research on toxicity studies of pollutants and
their byproducts was observed and requires further
investigation to assess health risks and safety implica-
tions of the treated water. Further toxicity studies can
provide a more nuanced understanding of effects and
exposure thresholds, aiding informed decision making
and environmental protection.
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