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Abstract Water pollution with potentially toxic trace elements (PTEs) has seriously threatened the

environment and human health globally. Their widespread occurrence at varied toxic levels and in dif-

ferent chemical forms has made remediation measures a cumbersome task. Furthermore, recent trends

of PTE release via natural and/or human sources have further portended numerous detrimental events.

Hence, effective remediation of PTE-contaminated aqueous media is highly substantial. Among vari-

ous adsorbents, metal–organic frameworks (MOFs) have been recently characterized and tested being

versatile and highly effective adsorbents for remediating pollutant/PTE-contaminated aqueous media.

Owing to their plethora of structures and numerous intrinsic characteristics (high adjustability, poros-

ity, surface area, selectivity, reusability, and structural stability), MOFs have lately received an obvious

consideration in environmental remediation and analytical chemistry. This review initially summarized

the most recent data (2018–2022) about PTE water contamination (rivers, lakes, canals, groundwater,

city, and industrial wastewater). Then the review comprehensively highlighted the effects of synthesis

techniques/conditions and post-synthetic functionalization’s on MOF structural morphology by criti-

cally conferring the underlying mechanisms. Review summarizes MOF limitations apropos their

large-scale industrial applications. The latest advancements regarding MOF syntheses and structural

morphology to enhance their industrial applications have been updated and critically discussed. Like-

wise, the stability, selectivity, reusability, and multi-metal/pollutant removal potential of MOFs have

been delineated using recent findings. Finally, the future perspectives have been put forth keeping in

view the recent trends and potential research gaps. This review will act as guidelines for future studies

of MOF-mediated PTE removal from wastewaters.
� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

During the last few decades, science has made tremendous progress

along with fast growing industrialization. Simultaneously, the world

population has grown rapidly in conjugation with unchecked and care-

less urbanization as well as improved living standards. All these factors

have put a great pressure on the sustainability of natural resources. In

fact, scientific and industrial advancements have resulted in the

enhanced utilization of minerals in industrial processes and thereby

the release of huge quantities of pollutants (inorganic, organic,

organometallic, nanoparticles, gaseous pollutants, radioactive isotopes

etc.) (Aldakhil et al., 2018; Aigbe and Osibote, 2021; Yuan et al., 2021;

Li et al., 2022a).

Among different pollutants, environmental contamination with

potentially toxic trace elements (PTEs) is a prevalent concern challeng-

ing scientists and researchers worldwide due to numerous concerns

about the potential impact of these PTEs on environmental/human

health (Shahid et al., 2018b). In fact, PTEs are among the most

released environmental pollutants and are predominantly and com-

monly confronting environmental and human integrity. Some of the

key PTEs include arsenic, chromium, manganese, mercury, lead, iron,

cadmium, cobalt, nickel, copper, platinum, zinc, silver, tin, gold, vana-

dium, molybdenum, and titanium.

Studies have revealed the presence of these PTEs at supra-optimal

levels in nearly all the environmental compartments (soil, air, water)

(Shahid et al., 2018a). Among these, water contamination has emerged

as a serious global issue. Water is one of the basic sources of life and

mediates numerous key roles in human development and survival

(Shahid et al., 2018b). Water contamination by different types of pol-

lutants, especially PTEs, has received significant and widespread con-

sideration (Shahid et al., 2018b; Natasha et al., 2021). This issue is

even getting worse at a rapid pace with every passing day due to

PTE release at substantial levels both by natural and anthropogenic

sources (Table S1). The PTEs are extremely toxic pollutants and can

induce various noxious effects on living organisms owing to their high

toxicity. The PTEs have been reported to provoke a number of health

disorders in the brain, kidney, liver, and immune system (Briffa et al.,

2020).

Keeping in view the widespread contamination and potential toxic

effects of PTEs, different health-related organizations have recom-

mended threshold levels of these elements for drinking, irrigation,

and domestic purposes. However, a great number of studies have

revealed severalfold higher levels of these PTEs in aqueous media at

a global scale (Table S1). Therefore, it has become evident that it is

necessary to ensure safe limits of these pollutants are not surpassed

in waters used for drinking or irrigation purposes. Remediation of

PTEs from water is a cumbersome task due to their non-

biodegradable nature compared to organic contaminants. Further-

more, due to the complex and varying compositions and conditions

of natural waters, as well as the diverse nature of PTEs, successful

remediation of these elements from waters remains extremely difficult

to date.

Numerous methods, technologies, and materials have been

explored to remove PTEs from aqueous media (Alqadami et al.,

2020b; Ru et al., 2021; Shahid, 2021). Researchers have synthesized

and characterized various materials which have been explored for their

potential to remediate PTEs from water (Niazi et al., 2018; Ru et al.,

2021). Nevertheless, effective remediation of these pollutants from

aqueous media is still challenging and highly topical.

Recently, metal–organic frameworks (MOFs) have been estab-

lished for their effective potential and various useful characteristics

to remediate pollutants, including PTEs from water (Hu and Zhao,

2017; Alqadami et al., 2018b; Ru et al., 2021; Ji et al., 2022a). Still,

numerous aspects and underlying mechanisms are not fully clear

regarding MOF-mediated effective removal of PTEs from water. For

instance, the effectiveness of different MOFs in terms of their stability,

specific-and multi-PTE uptakes, and reusability are still contentious
under varied conditions. Similarly, the role of different factors which

make an MOF adsorbent superior to another regarding pollutant/

PTE remediation from aqueous media is not fully revealed. Likewise,

the recent advancements in MOF synthesis and characteristics with

respect to their industrial applications need to be summarized,

updated, and discussed comprehensively.

This review therefore focuses on the status of water contamination

by PTEs at a global scale (2018–22) and the use of MOFs as the emerg-

ing sorbents to effectively remove PTEs from contaminated waters.

Based on recent literature data, this review critically discusses and

compares the latest understanding regarding the (i) importance of syn-

thesis materials/conditions and post-synthetic functionalization

towards morphology and size of MOFs, (ii) factors affecting the stabil-

ity of MOFs in aqueous media, (iii) selective adsorption of a specific

PTE by MOFs, (iv) multi-PTE adsorption by MOFs, (v) reusability

of MOFs to sorb PTEs, (vi) possible limitations of MOFs towards

their industrial applications, and (vii) recent advancements in MOFs

for their industrial applications.

2. Contamination of aqueous system by PTEs: Recent status and

associated health risks

The PTEs are daily discharged to aqueous system from several
anthropogenic and natural sources (Table S1, Fig. 1). Natural
sources of PTE emissions to the ecosystem include volcanic

eruptions, geogenic processes, and rock weathering. Anthro-
pogenic PTE sources are related to activities of industry (metal
processing and coal combustion), agriculture (sewage sludges,

fertilizers, pesticides) and domestic (cosmetics, garbage, dust,
detergents) (Briffa et al., 2020). The release of PTEs at huge
amounts from different sources has negatively affected the
water quality. Numerous reports have delineated high/toxic

levels of various PTEs in surface water reservoirs (Natasha
et al., 2020). Water contamination has been reported for all
kinds of water resources (lakes, rivers, groundwater, city

wastewater, industrial wastewater etc.) at a global scale.
Among the anthropogenic sources, mining plays a key role

by generating and releasing huge quantities of PTEs (Briffa

et al., 2020). Smelter emissions of PTEs are considered their
main anthropogenic source and constitute about 40–73 % of
the total anthropogenic PTE emissions (Liu et al., 2018;
Briffa et al., 2020). Table 1 summarizes the annual mine pro-

duction (2016–20) of some PTEs as reported by the USGS
(USGS, 2021). Data reveals that each year, huge quantities
of PTEs are mined and released into the environment.

A number of studies have revealed high levels of PTEs in
water bodies due to mining activities. Obasi and Akudinobi
(2019) showed high concentrations of various PTEs (Pb, Mn,

Ni, Cr, Cd, Hg, Ag, As, Zn, Se, and Co) in water samples col-
lected nearby a Pb–Zn smelter of Abakaliki, Nigeria. China
produces and consumes the maximum quantities of nonferrous

metals, and contributes significantly to environmental contam-
ination. For example, 14.7 tonnes of Hg were released to the
environment by the Zhuzhou Pb/Zn smelter during 1960–
2011 (Wu et al., 2014). It is estimated that annually about

7000 tonne of Cd, 50000 tonne of Cr, and 60000 tonne of Ni
may be emitted from various anthropogenic sources, especially
mining (Ali et al., 2019).

Recent data reports that approximately 40 % of the lakes
and rivers are contaminated by PTEs around the globe
(Table S1) (Zhou et al., 2020a). This signifies a serious public

issue owing to the toxic potential of PTEs. For example,
Zhou et al. (2020a) assessed the PTE levels in rivers and lakes



Fig. 1 Various natural and anthropogenic sources of potentially toxic metal(loid)s in the environment.

Table 1 Data bout potentially toxic metal(loid) global mine production and % change in production during last 5 years. Source

(USGS 2021, extracted on November 11, 2021) (USGS, 2021).

Metal

(loid)

2016 2017 % Change

2016–17

2018 % Change

2017–18

2019 % Change

2018–19

2020 % Change

2019–20

Sb 130 150 15 140 �7 160 14 153 �4

As 36.5 37 1 35 �5 33 �6 32 �3

Cd 23 23 0 26 13 25 �4 23 �8

Cr 30,400 31,000 2 36,000 16 44,000 22 40,000 �9

Co 123,000 110,000 �11 140,000 27 140,000 0 140,000 0

Cu 19,400 19,700 2 21,000 7 20,000 �5 20,000 0

Fe 1,360,000 1,500,000 10 1,500,000 0 1,500,000 0 1,500,000 0

Pb 4820 4700 �2 4400 �6 4500 2 4400 �2

Mn 16,000 16,000 0 18,000 13 19,000 6 18,500 �3

Hg 4.5 2.5 �44 3.4 36 4 18 3.7 �8

Ni 2250 2100 �7 2300 10 2700 17 2500 �7

Zn 11,900 13,200 11 13,000 �2 13,000 0 12,000 �8

Zr 1460 1600 10 1500 �6 1400 �7 1400 0
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at a global scale during five time periods (1970s, 1980s, 1990s,
2000s, and 2010s). They reported that the levels of 2, 4, 8, 8,

and 10 PTEs were higher than the threshold limits of USEPA
and WHO, respectively, in the 1970s, 1980s, 1990s, 2000s, and
2010s. It means both the number and level of PTEs having

their toxic environmental concentrations are increasing with
time worldwide. Moreover, it was observed that the levels of
PTEs were higher in developing countries (Africa, Asia, and

South America) than in developed areas (Europe and North
America) (Zhou et al., 2020a).

High levels of PTEs (such as Zn, Cu, and Cd) exceeding the
permissible drinking water limits have been reported in nine

Chinese rivers (Xu et al., 2017). In Bangladesh, almost all
the major rivers (Karnaphuli, Buriganga, Turag, Sitalakhya,
Balu, and Dhaleshwari rivers) are highly contaminated by dif-

ferent types of PTEs (Fe, Cu, Zn, Cd, Pb, Ni, Cr, and Mn)
(Uddin and Jeong, 2021). Even these rivers are causing
groundwater pollution problems in Bangladesh due to seepage

of polluted water into ground aquifers. Similarly, various
PTEs (especially Sr and Al) have been reported in two major
rivers of Turkey (Leventeli et al., 2019).

The contamination of rivers and lakes by PTEs is generally
due to anthropogenic activities. In fact, >90 % of sewage
water is discharged directly into water bodies without any

treatment in developing countries (Natasha et al., 2020). The
surface water reservoirs are considered easily accessible for dis-
charge of sewage, and hence receive the maximum pollutants
on a daily basis. Therefore, most of the lakes and rivers, espe-

cially those passing near the industrial zones or metropolitans
of less-developed countries, are highly contaminated by differ-
ent types of pollutants (Natasha et al., 2020; Long et al., 2021;

Tong et al., 2021). It is envisaged that industrial activities dis-
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charge about 300–400 megatons of waste into water reservoirs
per annum (Boretti and Rosa, 2019). Similarly, most develop-
ing countries do not treat city wastewater and discharge it

directly to water bodies (Natasha et al., 2020). According to
an estimation, approximately 70–80 % of the total water used
in household activities is released as wastewater (Kaur et al.,

2012). The latest data available at FAO’s AQUASTAT
(AQUASTAT, 2022), reports that approximately 56 % of
the total fresh water used is released in the form of wastewater

globally. Based on available data by FAO states, it is reported
that > 201 km3/year of wastewater is produced globally (ex-
cluding the data not available for several countries)
(AQUASTAT, 2022).

Groundwater represents an important source of freshwater.
However, in several parts of the world, groundwater is highly
contaminated by different kinds of PTEs, especially As

(Table S1) (Natasha et al., 2021). The weathering of metal
(loid)-bearing minerals that are naturally present in the Earth’s
crust is the primary source of groundwater PTE contamination

(Shahid et al., 2018b). Shaji et al. (2021) reported that > 90 %
of Arsenic groundwater pollution is due to geogenic sources.

A number of recent studies have highlighted the issue of As

groundwater contamination at global scale (Table S1).
Recently, a few research reviewed groundwater status on a glo-
bal scale and reported that groundwater contamination has
spread to more than 70 countries. They reported that the most

affected countries are situated in East Asia and South east
Asia. While, Shaji et al. (2021) described that about 108 coun-
tries in the world are facing arsenic groundwater contamina-

tion. They predicted that > 230 million people are facing
possible As poisoning worldwide. Among these 180 million
people, the majority reside in Asia. The most As-affected coun-

tries include Bangladesh (85 million), India (50 million), Nepal
(13 million), Pakistan (13 million), and Vietnam (10 million)
(Shaji et al., 2021). Cao et al. (2021) developed a worldwide

high As probability map of groundwater using 26 indicators
and reported that > 70,612 data points at a global scale rep-
resent possible As contamination.

The contamination of water (any reservoir) can ultimately

lead to human exposure to these toxic metal(loid)s. Many
studies have reported human exposure to different kinds of
PTEs, which can pose serious health hazards (Anwar et al.,

2021; Shahid et al., 2021). Generally, PTEs are non-
degradable with a potential to bioaccumulate, thereby always
building up in the food chain and ultimately reaching humans

(Anwar et al., 2021). At the same time, PTEs are highly persis-
tent and can directly or indirectly provoke numerous noxious
effects owing to biomagnification. A number of reports have
revealed toxic accumulations of PTE in the food chain and

possible associated health hazards (Shabbir et al., 2020a).
Several of these PTEs are highly toxic or even carcinogenic.

The USEPA has classified numerous PTEs as priority pollu-

tants. Some PTEs can induce serious toxic effects on multiple
organs (lungs, prostate, skin, kidneys, stomach, liver, esopha-
gus) of living organisms, even at low-exposed levels (Briffa

et al., 2020). One of the key and initial pathways of PTE tox-
icity to living organisms is via oxidative stress (enhanced pro-
duction of reactive radicals, thereby initiating oxidation of

several substances/molecules) (Shahid et al., 2014b). Thus,
water contamination by PTEs has become a severe dilemma
and needs urgent and effective management and remediation
at regional and global levels.
Keeping in view the possible exposure to PTEs, numerous
organizations have recommended the threshold limits of these
metal(loid)s in different environmental compartments, includ-

ing water. These limits basically provide guidelines to avoid
getting exposed to possibly toxic levels of these PTEs. As
reported above, water reservoirs on a global scale contain

PTE levels above these recommended values. Therefore, there
is a dire need to establish highly effective technologies for the
remediation of contaminated waters.

3. Technologies used for wastewater treatments

During the last few years, researchers have established various

techniques to remediate PTEs from water (Naushad and
Alothman, 2015; Alqadami et al., 2020a; Alomar et al., 2021;
Tian et al., 2022; Zhang et al., 2022c). These technologies

include coagulation, electrolysis, photocatalysis, membrane fil-
tration, liquid extraction, biological treatments, chemical oxi-
dation/reduction, and so on (Habila et al., 2019; Naushad
et al., 2019; Shabbir et al., 2020b). However, many of these

techniques were not successful in effectively removing pollu-
tants from water due to several associated issues. For instance,
biological treatment is accompanied by the generation of sec-

ondary contaminants and a huge amount of sludge. These
techniques have high energy and economic requirements, low
removal potential, limited recycling, and the generation of

large quantities of waste. Consequently, wastewater clean-up
technologies have not been adopted in many areas around
the globe, especially in less-developed regions.

In contrast to other techniques, adsorption is highly

promising because of its high efficacy, flexible and simple
design, cost efficiency, easy regeneration of a variety of adsor-
bents, ultra-low energy consumption, and minimal secondary

pollution (Ghaedi, 2021). Adsorption is a key method that
underlies numerous processes of high environmental and tech-
nological importance. The adsorption process mainly depends

on the effectiveness and characteristics of adsorbent material.
So far, different types of adsorbents have been widely used
and reported in the literature. These adsorbents can be classi-

fied into (i) natural (clay, zeolite, siliceous material), (ii)
industry-based (activated carbon, fly ash, ion-imprinted cryo-
gel, waste sludge, alum waste, steel waste, red mud) (Soylak
et al., 2017), (iii) bio-based (chitin, fungi, chitosan, algae,

yeast) (Alothman et al., 2020) and (iv) agriculture-based (rice
husk, moringa seeds, Alium Cepa seeds, Senna auriculata flow-
ers, jujube seeds, almond shell, cassava peels, sawdust, ground-

nut shell, yam peel, tea waste, sugarcane bagasse, cotton
stalks, watermelon rind, egg shell, corn cob, pomegranate peel,
orange peel, banana peel, wheat straw, coconut shell etc.)

(Niazi et al., 2018; Quyen et al., 2021; Tokay and Akpınar,
2021).

4. Metal organic frameworks: A recent class of effective sorbents

MOFs are a type of adsorbent that is distinguished by its effec-
tive removal of PTEs from water The MOFs are a recently

established class of crystalline porous materials that are con-
sidered highly effective next-generation adsorbents (Hu and
Zhao, 2017; Yusuf et al., 2021; Alkas et al., 2022; Zhang
et al., 2022a). Owing to their broad and pervasive potential

applications, the syntheses, characterization, and use of MOFs
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have become key research hot spots in several fields (Fuentes-
Fernandez et al., 2018; Cui et al., 2020; Figueira et al., 2020;
Forsyth et al., 2020; Gaikwad et al., 2021). Primarily, MOFs

are an arrangement of metal ions (nodes) and organic ligands
(linkers), which are connected in a specific order and interac-
tion, thus resulting in the formation of a periodic network

structure (Alqadami et al., 2018b; Ahmadijokani et al.,
2021). Until now, various types of metal nodes have been rec-
ommended and used for MOF syntheses, such as Cu, Zr, Mn,

Zn, Fe, Co, Cd, and Al. These metals are generally connected
or bridged by different kinds of organic linkers such as amines,
tetrazolates, carboxylates, sulfonates, etc.

This interaction of metal nodes and organic linkers results

in the development of different types of geometric structures
of MOFs including linear, square planar, T-/Y-shaped, pyra-
midal, cubic, trigonal, tetrahedral, and octahedral. Among

these, the three-dimensional porous crystalline structure is
the most common. MOFs with varied geometric structures
can be synthesized due to great variation in the types of metal

nodes, organic linkers, and reaction conditions. Hence, a great
number of MOFs can be prepared by all the possible group-
ings/combinations of metal ions and organic binders.

Usually, recently prepared MOFs are known for their high
surface area, great stability (thermal, chemical, water), highly
organized pore size, very-low density, and enormous adsorp-
tion potential. The interaction of organic ligands and metal

nodes helps to adjust their pore size (micropore to mesopore),
and thereby to obtain a desired porosity and the final shape
(Wang et al., 2022a). The periodic network porous structure

and tunable physico-chemical characteristics of MOFs make
them highly applicable and a unique class of adsorbents for
a variety of pollutants, including PTEs (Hu and Zhao, 2017;

Liu et al., 2022; Mohan et al., 2022; Zhang et al., 2022b).
Therefore, several recent reports have characterized them as
highly suitable materials for the remediation of various pollu-

tants including PTEs (Table S2). Recent data revealed that
MOFs can outnumber in both capacity and rate the bench-
mark adsorbents commonly used for wastewater remediation.

Compared to other adsorbents (agricultural, natural, indus-

trial, biological), MOFs are equipped with the following
advantages: (i) highly organized pore size, high surface area,
great stability, and very-low density, (ii) higher PTE

removal/adsorption capacity owing to their strong interactions
(Hu and Zhao, 2017; Ahmadijokani et al., 2021; Zhao et al.,
2021), and (iii) PTE adsorption/removal mechanism is more

efficient and scientific (Ahmed and Jhung, 2017; Zhao et al.,
2021).

4.1. MOF synthesis

Owing to their exceptional and diverse intrinsic properties, the
synthesis of MOFs is gaining great importance for their vari-
ous applications (Li et al., 2019; Rani et al., 2019; Kumar

et al., 2020; Schernikau et al., 2021). The synthesis methods
of MOFs govern their structure and thus the characteristics,
effectiveness, and application of these porous materials

(Srinivasan et al., 2020; Ru et al., 2021; Yusuf et al., 2021).
Since their discovery, numerous MOF synthesis processes have
been established, and improved to produce MOFs of desired

structures, characteristics and uses. Several research and
review articles have comprehensively discussed the synthesis
strategies of MOFs (Li et al., 2021; Zhao et al., 2021). The
majority of MOF synthesis, including crystallization, is done
in a solvo(hydro)thermal environment at high pressure and

temperature Typical MOF synthesis involves dissolving metal
nodes and organic linkers in a solvent under a closed reaction
vessel (Fig. 2).

There exist several classifications of MOF synthesis, such as
diffusion, template synthesis, volatilization, ultrasonic, con-
ventional electric heating, hydrothermal, solvothermal, elec-

trochemical, microwave-assisted, sonochemical, and
mechanochemical (Kobielska et al., 2018; Ghorbani-
Choghamarani et al., 2021; Wang et al., 2021a). These meth-
ods are rapid and produce cleaner MOFs. These varied

MOF synthesis techniques have mediated the development of
hundreds of different types of MOFs. In addition to these
methods, some specific synthesis techniques have been estab-

lished to produce crystal size and shape, membranes, thin
films, and numerous other structures made of MOFs (Khalil
et al., 2022). The development of more sophisticated methods

has made it easy to effectively govern and adapt desirable
MOF morphology and size and thereby their allied functions
and properties (Al-Wasidi et al., 2022; Hu et al., 2022b). More-

over, scientific advancements have improved MOF synthesis
techniques from day-long techniques (such as solvothermal,
hydrothermal, and sonochemical) to hourly-interval processes
(such as co-precipitation) (Kumar et al., 2019).
Fig. 2 Schematic MOF synthesis.
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4.2. Mechanisms involved in MOF-mediated PTE removal from
wastewater

The MOFs have been successfully applied for the adsorption
and purification of PTEs from water (Hu et al., 2022a; Omer

et al., 2022). Table 2 describes recent data about MOF-
mediated removal of PTEs from wastewaters. Apparently, sev-
eral studies have reported effective PTE removal from aqueous
using MOF under varied experimental conditions such as con-

tact time, pH, temperature, and applied levels of MOFs and
PTEs. These studies mainly reported the removal percentage
and adsorption capacity (mg/g) of different MOFs for various

PTEs under varied experimental conditions. It is evident that
this class has a wide range of adsorbents already synthesized
and has some adsorption mechanisms for different types of

PTEs. The PTE adsorption potentials of MOFs range from
Table 2 Removal efficiency and/or adsorption capacity of various

Materials Metal Q m

Fe3O4@ZIF-8 Pb 98 7

Fe3O4@ZIF-9 Cu 98 3

Cu-MOF-74 Cd 95 1

Zr-MOF Cd � 3

Zr-MOF Pb � 1

ZIF-8 Pb � 7

MoS4-MOF Hg 99.9 �
MIL-53(Al)-1 F � 7

Fe-MIL-88NH2 Pb 72.5 2

ZIF-8 Pb 96 1

ZIF-67 Hg 94 1

UiO-66-EDA Pb 99 2

UiO-66-EDA Cd 99 2

UiO-66-EDA Cu 99 2

Mag MOF-NH2 U 90.37 8

Cu-BTC Pb 85 2

Cu-BTC Hg 35 �
ZIF-67/BC/CH Cu � 2

ZIF-8/PAN Cu 96.14 2

PCN-221 Hg 98 3

ZIF-67@Fe3O4@ESM Cu 99 2

Zn(Bim)(OAc)-NS Cu � 3

AMCA-MIL-53(Al) Pb 79.5 3

melamine-MOFs Pb � 1

melamine-MOFs Pb � 2

MOF-808-EDTA La 99 2

MOF-808-EDTA Pr 99 �
ZIF-8 Pb 99 1

Cu-MOFs/Fe3O4 Pb 96 2

La-MGs Sb 92.1 8

MOF-199@PANI Cu � 7

UiO-66-NH2 Cu � 3

UiO-66-NH2 Pb � 5

UiO-66-GMA Cu 96 �
Fe3O4@C-GO-MOF Pb � 3

Zr-MOFs Cu � 5

ZnO-NP@Zn-MOF-74 Cu � 1

Zr-MOF Cu � 7

ZIF-8 Cu � 4

ZIF-8@GO Pb � 1

Fe3O4@ZIF-8 Cu � 7

Fe3O4@ZIF-8 Pb � 3

CelloZIFPaper Pb � 8
a few to hundreds of mg/g (Table 2, Table 2S). For example,
Jiang et al. (2021b) demonstrated 719.42 mg/g (98 %) adsorp-
tion of Pb by Fe3O4@ZIF-8.

The literature data reveals that MOFs are, overall, highly
effective at remediating a variety of PTEs from aqueous media
under varied conditions of pH (Table S3), contact time

(Table S4), and applied levels of MOFs (Table S5) and PTEs
(Table S6). It is evident from literature findings that PTE
adsorption by MOFs increases with enhancing applied condi-

tions (up to certain levels until equilibrium is achieved). For
example, Khalil et al. (2022) demonstrated 93.3 %
(102.24 mg/g) Ce(III) adsorption on Co-MOF at pH 5.1. They
reported that an increase in solution pH from 1.01 to 5.1

enhanced the distribution coefficient of Ce3+ from 17.46 to
2791.30 ml/g. Gul Zaman et al. (2022) revealed that Pb adsorp-
tion by UiO-66-GMA increased from 22 % to 92 % by

increasing pH from 1 to 6. However, a further increase in
MOFs for PTE-contaminated wastewaters.

g/g pH Reference

19.42 1.0–7.0 (Jiang et al., 2021b)

01.33 1.0–7.0 (Jiang et al., 2021b)

50 6.5 (Kim et al., 2021)

7 3.0–9.0 (Nimbalkar and Bhat, 2021)

00 3.0–9.0 (Nimbalkar and Bhat, 2021)

00 � (Tanihara et al., 2021)

� (Yazdi et al., 2021)

5.5 1.0–12.0 (Huang et al., 2021)

50 3.0–7.0 (Fu et al., 2021)

780 2.0–12.0 (Ahmad et al., 2021)

450 2.0–12.0 (Ahmad et al., 2021)

43.9 2.0–9.0 (Ahmadijokani et al., 2021)

08.33 1.5–7.0 (Ahmadijokani et al., 2021)

17.39 1.5–7.0 (Ahmadijokani et al., 2021)

0 2.0–9.0 (Chen et al., 2021)

30 2.0–6.0 (Hasankola et al., 2019)

2.0–6.0 (Hasankola et al., 2019)

00 2.0–6.0 (Li et al., 2020a)

50 2.0–6.0 (Li et al., 2020a)

75 2.0–10.0 (Hasankola et al., 2020)

85 4.0–6.0 (Mahmoodi et al., 2019)

25 1.0–13.0 (Xu et al., 2020)

90 1.47–8.13 (Alqadami et al., 2018a)

22 2.0–6.0 (Yin et al., 2018)

05 2.0–6.0 (Yin et al., 2018)

05 2.0 (Peng et al., 2018)

2.0 (Peng et al., 2018)

119.8 5.1 (Huang et al., 2018b)

19 � (Shi et al., 2018)

97.6 � (You et al., 2022)

831.34 � (Yuan et al., 2022a)

64.96 � (Hu et al., 2022a)

55.56 � (Hu et al., 2022a)

� (Gul Zaman et al., 2022)

44.83 � (Wang et al., 2022b)

9.8 � (Wang et al., 2018)

37.17 � (Guo et al., 2021)

9.34 � (Subramaniyam et al., 2022)

54.7 � (Huang et al., 2018b)

119.80 � (Li and Xu, 2021)

19.42 � (Jiang et al., 2021c)

01.33 � (Jiang et al., 2021c)

7.2 4 (Abdelhamid et al., 2022)



Table 3 Total pore volume and surface area of recently synthesized MOFs (2022 only).

MOF Surface Area (m2/g) Pore volume (cm3/g) Reference

UiO-66-NH2 576 0.42 (Molavi et al., 2018)

UiO-66-NH2 987 0.51 (Zhu et al., 2019b)

Zr-MOFs PW12@UiO-NH2 977 0.57 (Tian et al., 2018)

UiO-66-NH2/GO 822 0.23 (Cao et al., 2018)

UiO-66-NH2 963.8 0.442 (Mansouri et al., 2021)

UiO-66-NH2 1127 0.48 (Gul Zaman et al., 2022)

UiO-66-GMA 1045 0.37 (Gul Zaman et al., 2022)

ZIF-8 980 0.44 (Abdelhamid et al., 2022)

Cellulose: ZIF 100 0.06 (Abdelhamid et al., 2022)

ZIF-8@CP 230 0.11 (Abdelhamid et al., 2022)

ZIF-8@TOCNF 230 0.14 (Abdelhamid et al., 2022)

MIL-101(Cr) 3341 1.80 (Keshavarz et al., 2022)

MOF loaded-Cyanex 442 0.19 (Keshavarz et al., 2022)

MOF-HDEHP 1028 0.47 (Keshavarz et al., 2022)

MOF-TBP 1158 0.57 (Keshavarz et al., 2022)

Zr-MOF 295 0.6 (Subramaniyam et al., 2022)

UiO-66-Cl 446 0.274 (Yuan et al., 2022b)

UiO-66-S 272 0.237 (Yuan et al., 2022b)

Fe3O4@ZIF-8 160 0.33 (Abdel-Magied et al., 2022)

Fe3O4@UiO-66–NH2 287 0.29 (Abdel-Magied et al., 2022)
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pH up to 9 decreased Pb adsorption by 70 % (please see fur-
ther pH-related studies in Table S3). Similarly, UiO-66-

GMA-mediated Cd adsorption increased from 90 to 95 %
when contact times were enhanced from 1 to 200 min (Gul
Zaman et al., 2022) (other time-based studies are listed in

Table S4). Similarly, increasing the MOF dose (Zn-Ph-D
CP) from 0.005 to 0.015 g/L increased Cu2+ adsorption by
85–93 % (for more information, see Table S5) In case of

PTE dose, Pb adsorption by CelloZIFPape increased from
205 to 750 mg/g with an increasing Pb initial level from 5 to
100 mg/L (Abdelhamid et al., 2022) (Table S6 highlights some
other relevant studies).

The possible reasons/mechanisms of this effective PTE
adsorption under diverse applied conditions can be; (1) the
porous structure, high specific surface area, and pore volumes

of MOFs assist increased diffusion of PTEs in the voids
(Table 3) (Sheikhsamany et al., 2021; Zhao et al., 2021), and
(2) more effective and controlled interaction mechanisms

between PTEs and MOF active sites (Fu and Huang, 2018).
There are several mechanisms of PTE adsorption on MOFs
(Ru et al., 2021; Aljaddua et al., 2022). Generally, adsorption
of a pollutant on MOF takes place via chemical or physical

interactions between the porous structure and pollutants
(Fig. 3). Some of the reported mechanisms for MOF-
mediated PTE adsorption include: (i) coordination (Wang

et al., 2017; Yuan et al., 2017; Wang et al., 2020b; Ru et al.,
2021), (ii) electrostatic interactions (Cheng et al., 2020;
Ahmadijokani et al., 2021; Esrafili et al., 2021; Nqombolo

et al., 2021), (iii) surface complexation (Zhao et al., 2020b;
Ru et al., 2021) (iv) chelation (Wang et al., 2015b; Fu et al.,
2019; Xiong et al., 2020; Ru et al., 2021), (v) hydrogen bonding

(Daradmare et al., 2021; Ru et al., 2021), (VI) ion-exchange
(Ke et al., 2018; Zhu et al., 2018; Nimbalkar and Bhat,
2021), and p-p interaction (Pillai et al., 2019; Nqombolo
et al., 2021) (Table 4).

The hard-soft-acid-base theory reveals that some PTEs
interact with specific functional groups (hydroxyl, amino,
phosphorous, sulfhydryl, etc.) via chelation, electrostatic inter-
action, or ion exchange (Jeyaseelan et al., 2021c; Ru et al.,
2021). Electrostatic interaction represents an attraction or

repulsion between charged substances. Pillai et al. (2019)
demonstrated the cationic and anionic electrostatic interaction
between ZIF-8 and F. Efome et al. (2018) showed electrostatic

interactions between Pb and MOF-300 and MOF-808 during
the adsorption process. Kobielska et al. (2018) used FTIR
and XPS data and suggested electrostatic interactions and

hydrogen bonding between As5+ and MIL-53(Al). Zhao
et al. (2020b) revealed that electrostatic interaction and com-
plexation helped UiO-66-NH2 remove Pb from wastewater.

Ion exchange is a type of reversible chemical interaction in

which a PTE from the aqueous medium replaces another ion
from the surface of an MOF. Some studies reported ion
exchange-based remediation of PTE-contaminated waters by

MOFs (Ke et al., 2018; Zhu et al., 2018; Nimbalkar and
Bhat, 2021). For instance, Goyal et al. (2021) revealed ion
exchange remediation of Pb from water by Fe3O4–Cu-MOF

(i-MOF). Similarly, Vilela et al. (2021) reported that K-
exchanged Eu-based material showed a significant increase in
the adsorption process.

Another interaction mechanism between PTEs and MOFs

is hydrogen bonding, which is among the most frequently
occurring chemical interactions in nature (Daradmare et al.,
2021; Ru et al., 2021). Ahmed and Jhung (2017) reviewed

the role of hydrogen bonds for the use of MOFs in adsorption
and separation processes. They summarized a number of stud-
ies delineating hydrogen bonding for PTE adsorption on

MOFs. Zhu et al. (2019a) reported that Pb adsorption on
Tb-MOF was via the N-group due to synthesis of the inner-
sphere complex (C–/=N� � �Pb).

4.3. Effect of synthesis methods, materials, and conditions on

MOF characteristics

The physico-chemical properties of MOFs linked with their

structural morphology and size are primarily governed by
the synthesis methods, materials, and conditions. The synthesis



Fig. 3 Possible physical and chemical mechanisms/interactions involved in potentially toxic metal(loid) adsorption on metal–organic

frameworks (MOFs). Primarily, pollutants get adsorbed on MOF structure via chemical or physical interactions between the porous

structure and pollutants. The most reported mechanisms of MOF-mediated PTE adsorption include coordination, electrostatic

interactions, surface complexation, chelation, hydrogen bonding, ion-exchange, and p-p interaction.
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materials include the types of metal nodes, organic linkers, and
reaction solvents. The synthesized MOFs can attain numerous

coordination structural geometries depending on the synthesis
material used (Orooji et al., 2020a; Xu et al., 2020; Soltani
et al., 2021). For instance, the dimensionality and structural
topology of an MOF rely on various coordination numbers

and geometries that a metal node can adopt (Han et al.,
2020). These coordination numbers and geometries vary with
the type of metal ion used. This is the reason behind the use

of transition metal ions for MOF synthesis due to their wide
range of oxidation states and coordination numbers/geome-
tries (Chiñas-Rojas et al., 2022). Hence, different structural

morphologies have been reported for MOFs containing differ-
ent types of metal nodes such as Zr, Co, Fe, Cu, Al, etc.
(Table 2 and Table S2).

The type of organic linker primarily governs MOF struc-
ture. The commonly used organic linkers include O-donor or
N-donor atoms. Organic linkers with N-donor atoms are rep-
resented by 4,40-bipyridine. Such types of organic linkers may

have 1–4 or even more N-donor atoms (Raptopoulou, 2021;
Chiñas-Rojas et al., 2022). The selection of these different
types of organic linkers with varied N-donor atoms is vital

for attaining a specific pore size. Different types of organic
linkers provide varied distances between the metal nodes.
For example, replacing the 4,40-bipyridine linker with pyrazine

reduces the distance between the metal nodes and thus the
porosity of the MOF (Chiñas-Rojas et al., 2022). In this
way, organic linkers can affect the pore size of MOFs and
thereby the adsorption potential for PTEs.

Carboxylate ligands [RCO2] are linkers with O-donor
atoms. This linker contains four-electron lone pairs at two
O-donor atoms, which can be readily donated for the forma-
tion of coordination bonds (Chiñas-Rojas et al., 2022). Conse-

quently, carboxylate ligands have appeared as one of the most
abundant and versatile linkers in coordination chemistry. This
difference in the coordination mode of O-donor and N-donor

organic linkers greatly affects the structure of resulting MOFs,
and thereby the remediation of PTE-contaminated waters
(Chiñas-Rojas et al., 2022).

Likewise, the type of organic linker (such as rigid vs flexi-
ble) dictates the structural design of the resulting MOF. For
example, the flexible linkers impart a wide range of options

for the development of crystalline structures. Moreover, based
on their charge, MOFs can be neutral, cationic and/or anionic
ionic (Chiñas-Rojas et al., 2022). Azolate-based linkers result
in the formation of ionic and neutral MOF structures depend-

ing on linker connectivity and metal coordination number/ge-
ometry. The resulting charge of an MOF greatly influences its
potential to adsorb PTEs.

Mostly, MOF synthesis is carried out by interacting metal
nodes and organic linkers in a liquid phase. The type and char-
acteristics of a solvent also affect the morphology of the pro-

duced MOFs. In general, the solubility, reactivity, and redox
potential of a solvent determine its choice for interaction reac-



Table 4 Types of interactions between MOFs and PTEs (recent data literature 2018–21).

MOF Metal Interaction type Reference

UiO-66-EDA Pb, Cd, Cu Covalent and electrostatic (Ahmadijokani et al., 2021)

Fe-MIL-88B Sb3+, Sb5+ Electrostatic (Cheng et al., 2020)

MOFs@Abs Cr6+ Covalent/hydrogen

bonding/electrostatic

(Daradmare et al., 2021)

DF-MOFs Cd2+, Cu2+, Cr2+ Electrostatic (Esrafili et al., 2021)

BTC (M-BTC) MOFs Zr4+, Fe3+, Al3+ Electrostatic (Jeyaseelan et al., 2021c)

Fe3O4@ZIF-8 Pb2+, Cu2+ Electrostatic (Jiang et al., 2021a)

UiO-66 Cd, Pb Coordination/ionic interaction (Nimbalkar and Bhat, 2021)

ZIF-67/ZIF-8 As5+, Cr6+ Electrostatic/p-anionic interaction (Nqombolo et al., 2021)

MoS4-MOF Hg2+, Pb2+, Ni2+, Cd2+,

Zn2+
Lewis base (Yazdi et al., 2021)

Zr-MOF) Hg2+ Bonding interaction

Fe@ABDC MOF F� electrostatic (Jeyaseelan et al., 2021b)

MIL-96(RM) F� Ion exchange (Wang et al., 2020c)

Sn(II)-TMA MOF F� Electrostatic (Ghosh and Das, 2020)

UiO-66-ATA(Zr) Pb2+ Chelation, ion-exchange, and

Electrostatic

(Xiong et al., 2020)

Fe3O4@UiO-66@UiO-67/

CTAB

Cr6+ Electrostatic (Li et al., 2020b)

MOFs (UiO-66-NH2)-DHAQ Pb2+ Electrostatic/complexation (Zhao et al., 2020a)

ZIF-8 F� Electrostatic (Pillai et al., 2019)

ZIF-8 F� Anionic–p (Pillai et al., 2019)

ZIF-8 F� Cationic–p (Pillai et al., 2019)

MOF-801 F� Ion exchange (Zhu et al., 2018)

(CaFu) MOF F� Ion exchange (Ke et al., 2018)

PAN/AlFu-10 F� Electrostatic (Karmakar et al., 2018)

CelloZIFPaper Cd2+, Cu2+, Fe3+, Pb2+,

Co2+
Coordination, electrostatic interactions (Abdelhamid et al., 2022)

Dawsonite (NH2-MIL-53(Al)) Cu2+ Cation exchange & Innersphere

complexation

(Li et al., 2020a)

Zr-MOFs Cu2+ Adsorption (Wang et al., 2018)

Zn-MOF Cu2+ Adsorption (Haftan and Motakef-Kazemi,

2021)

Zr-MOF Cu2+ Adsorption (Subramaniyam et al., 2022)

ZnO-NP@Zn-MOF-74 Cu2+ Adsorption (Guo et al., 2021)

ZIF-8 Cu Intra-particle diffusion (Huang et al., 2018b)

ZIF-8@GO Cu Coordination (Li and Xu, 2021)

ZIF-8@GO Pb Coordination (Li and Xu, 2021)

Fe3O4@ZIF-8 Cu Ion-exchange (Jiang et al., 2021c)

Fe3O4@ZIF-8 Pb Ion-exchange (Jiang et al., 2021c)

CelloZIFPaper Co Coordination, electrostatic

interactions

(Abdelhamid et al., 2022)
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tion (Han et al., 2020). The type and characteristics of a sol-
vent control the activation energy and thermodynamics of
interactions. Furthermore, solvent can influence the interac-

tion of the metal node with the organic linker, and thus the
overall crystalline structure of MOFs Even so, altering the
total solvent volume affects the geometry of MOFs, and

thereby their adsorption potentials (Raptopoulou, 2021).
In addition to synthesis martials, the experimental condi-

tions of metal node interactions with organic linkers also affect

the size and morphology of the resultant MOFs. Collectively,
MOF synthesis is governed by various experimental conditions
such as reaction temperature, time, pH, and reactant levels
(Cao et al., 2018; Ding et al., 2019). In fact, these experimental

conditions affect the interaction between metal nodes and
organic linkers. There are possibilities of different types of
interactions between the metal nodes and organic linkers under
varied applied conditions, which ultimately define the three-
dimensional structure of MOF and hence the PTE adsorption

potential (Wang and Cohen, 2009).
Metal nodes are shown to interact with organic ligands via

hydrogen bonds and p–p interactions, which contribute to the

final MOF structure and properties. (Raptopoulou, 2021;
Chiñas-Rojas et al., 2022). Moreover, these interactions create
inner surfaces and cavities in the MOF structure, which are

filled by ions and guest and/or solvent molecules. The size of
cavities created defines the porous structure of MOFs
(Raptopoulou, 2021; Chiñas-Rojas et al., 2022). The experi-
mental conditions can affect the size and shape of the cavities

created and morphology of MOFs. However, researchers are
still trying to improve the size of the pores to improve MOF
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adsorption potential using various synthesis methods and
experimental conditions.

4.4. MOF postsynthetic functionalization

Lately, the postsynthetic functionalization of MOFs has
received much attention, which introduces exceptional charac-

teristics to these porous materials and governs numerous appli-
cations (Orooji et al., 2021a; Ansarian et al., 2022) (Fig. 4).
The MOFs can be functionalized using several techniques such

as loading with a specific material, generating composites with
other materials, introducing functional sites via metals and
ligands, etc. (Han et al., 2020; Orooji et al., 2020b; Ibrahim

et al., 2021; Orooji et al., 2021b) (Table 5). Several reports have
highlighted the use of various additives to govern and control
MOF crystallization. In this way, these technologies can intro-
duce the required characteristics and functions to the resultant

MOF.
Recently, Han et al. (2020) summarized different postsyn-

thetic functionalization techniques used to govern MOF struc-

ture, such as deprotonation regulation synthesis (NH2-MIL-
125(Ti) MOF), coordination modulation synthesis (HKUST-
1, Zr-based MOFs), and surfactant modulation synthesis

(ZIF-67 MOF). During these MOF synthesis techniques, the
size and morphology of the MOF structure are controlled by
adding additives during crystallization and (iii) adding surfac-
tants during crystallization (Zhou et al., 2020a).

Similarly, MOF functionalization can be mediated by graft-
ing of materials equipped with high numbers of active func-
tional groups (Ji et al., 2021; Soltani et al., 2021). The

introduction of functional groups with MOFs helps them to
mediate a more effective chemical interactions with different
pollutants such as PTEs. Likewise, alterations are introduced

in organic linkers to enhance functional groups by substituting
hydrogen atoms. Until now, various functional groups have
been introduced in MOFs such as amino, bromo, nitro,

carboxylic-acid, and polyethyleneimine (Ji et al., 2021; Ru
et al., 2021; Soltani et al., 2021). The introduction of these
ligands significantly modifies the physicochemical properties
of MOFs without altering their crystal structure and topology

(Han et al., 2020; Ji et al., 2021) (Table S7).
Some researchers functionalized MOFs by introducing

nanoparticles (NPs) into the MOF structure (Ghorbani-

Choghamarani et al., 2021). Incorporating NPs has been
applied to enhance the adsorption and separation capacity of
MOFs. For example, UiO-66 functionalized with NH2,
Fig. 4 Schematic representation of MOF synthesis, post-synthetic f

functionalization.
COOH, OH, and SO3H has a significantly higher adsorption
capacity for PTEs (Han et al., 2020; Ru et al., 2021). Different
combinations of NPs and MOFs have been explored to

improve their adsorption potential (Ghorbani-Choghamarani
et al., 2021).

Postsynthetic functionalization techniques also allow the

synthesis of mixed-metal MOFs, possessing two or more metal
nodes in their structure. The occurrence of additional metal
nodes equips such MOFS with new and different characteris-

tics (Ryu et al., 2021). Another approach to MOF functional-
ization is to expand their organic linkers to increase pore sizes.
This technique provides sufficient space to enhance PTE diffu-
sion into MOFs (Zhou et al., 2020a; Zhao et al., 2021). How-

ever, this technique compromises, in certain cases, the
fundamental stability of the resulting MOFs.

Thus, using postsynthetic functionalization techniques, sig-

nificant variations are possible in MOF structures such as
porosity, topology, crystallinity, stability, and flexibility. This
allows diverse and widespread MOF applications such as

catalysis, adsorption, sensing, gas storage and capture, drug
delivery, separation, and energy storage (Mallakpour et al.,
2022). However, some studies also reported some defects in

the MOFs after postsynthetic functionalization due to partial
or complete replacement or absence of metal nodes and/or
organic linkers. These defects in the crystalline structure of
MOFs can greatly affect the functional characteristics and

thereby the application of MOFs. Recently, Hou et al.
(2022) revealed that besides different techniques of MOFs
development, the strategy of functionalization and manufac-

turing defects in MOF can be another activation/modification
technique of MOFs. However, the processes involved need to
be controlled carefully to govern these functionalization and

defects in MOFs.
Using these exceptional porous materials, researchers have

synthesized composite membranes for various applications.

During the last few years, there has been tremendous evolution
of MOF membrane synthesis, and various membranes have
been synthesized (MIL, HKUST-1, IRMOF, MOF-5, ZIF
etc.) and tested for purification of water (Li et al., 2020b; Hu

et al., 2021; Nimbalkar and Bhat, 2021; Sheikhsamany et al.,
2021). It is reported that the membranes prepared from
substrate-MOF materials possess higher affinity for PTEs

compared to nanostructured porous materials.
Postsynthetic functionalization can enhance the number of

active sites and thereby the PTE chelating/adsorption potential

of MOFs (Zhu et al., 2019a; Zhao et al., 2021). Enhanced
unctionalization and variation in MOF characteristics after MOF



Table 5 Effect of MOF postsynthetic functionalization on PTE adsorption.

MOFs Functionalized-

MOF

Functionalizing element PTE Adsorption Purpose Reference

Zr-

MOF

Form-UiO-66-

NH2

Formic acid and amino Cr6+ 338.98 Selective

removal

(Chen et al.,

2023)

MIL-

121

carboxyl-MIL-

121

carboxyl groups Cu2

+

99 % Selective

removal

(Ji et al., 2022b)

MOF-

808

MOF-808-SH Thioglycollic acid Hg2+ 977.5 Selective

removal

(Ji et al., 2022a)

UiO-66 UiO-66-EDA Ethylenediamine Cu2+ 208.33 Multimetal

removal

(Ahmadijokani

et al., 2021)

UiO-66 UiO-66-EDA Ethylenediamine Pb2+ 243.90 Multimetal

removal

(Ahmadijokani

et al., 2021)

UiO-66 UiO-66-EDA Ethylenediamine Cd2+ 217.39 Multimetal

removal

(Ahmadijokani

et al., 2021)

MOF TMU-81 Sulfonyl and amide groups Cd2+ 525 Multimetal

removal

(Esrafili et al.,

2021)

UiO-66 UiO-66-NH2 Amidinothiourea Au3+ 166.23 Multimetal

removal

(Zhao et al.,

2020c)

MOF Fe@BDC-

MOF

Benzene-1,4-dicarboxylic acid F� 4.90 Multimetal

removal

(Jeyaseelan et al.,

2021c)

MOF Fe@ABDC 2-aminobenzene-1,4-dicarboxylic acid F� 4.92 Selective

removal

(Jeyaseelan et al.,

2021c)

UiO-66-

(Zr)

LDH/MOF NC Ni50Co50-layered double hydroxide Hg2+ 509.8 Multimetal

removal

(Soltani et al.,

2021)

UiO-66-

(Zr)

LDH/MOF NC Ni50Co50-layered double hydroxide Ni2+ 441 Multimetal

removal

(Soltani et al.,

2021)

UiO-66-

NH2

CS grafted

UiO-66-NH2

Chitosan Cu2+ 364.96 Multimetal

removal

(Hu et al., 2022a)

UiO-66-

NH2

CS grafted

UiO-66-NH2

Chitosan Pb2+ 555.56 Multimetal

removal

(Hu et al., 2022a)

UiO-66 UiO-66-SO3H SO3H Pb2+ 176.69 Multimetal

removal

(Gul et al., 2022)

UiO-66 UiO-66-SO3H SO3H Cd2+ 194.92 Multimetal

removal

(Gul et al., 2022)

Fe-

MOF

PAN/MOFs

ENFMs

Polyacrylonitrile (PAN) and electrospun

nanofibrous membranes (ENFMs)

Cr5+ 127.70 Adsorption and

reduction

(Miao et al.,

2022)

ZIF-8 MFZ-250 Fe3O4 loading Cd2+ 82 Adsorption (Li et al., 2022b)

ZIF-8 MFZ-500 Fe3O4 loading Cd2+ 103 Adsorption (Li et al., 2022b)
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selective removal of Hg (350.14 to 112.68 mg g�1) was
obtained from water using UiO-66-NH2 functionalized with

L-cysteine (Feng et al., 2021a). Ahmed et al. (2019) revealed

that UiO-66-COOH-ED (synthesized by UiO-66 functionaliza-

tion with �NH2 and �COOH groups) mediated 4.9-times
increased adsorption of gadolinium ion (UiO-66-COOH-
ED). While, other demonstrated 9 times higher Hg(II) removal

in sewage by functionalizing Zr-MOFs with thiol. Detailed
studies regarding postsynthetic functionalization in MOFs
and remediation of PTEs have been listed in Table 5.

For a specific purpose such as PTE removal from water,
functionalized MOFs may behave differently due to their
numerous chemical and structural variations such as porosity,
surface area, selectivity, reusability, and structural stability.

Postsynthetic functionalization has resulted in the formation
of MOFs that have a highly porous structure (up to 90 % of
the crystalline volume), increased specific surface area (several

thousand m2�g�1), potential to be recycled/regenerated (up to
10 cycles), enhanced selectiveness for a specific pollutant, and
possess tremendous structural stability (thermal stability up
to 250–500 �C) accompanied by high pollutant removal effi-
ciency. These characteristics distinguish one MOF from

another when it comes to PTE removal from aqueous waters.
However, different MOFs may be effective for different types
of PTE. Studies have demonstrated that a vise choice of nodes,

linkers, and functionalized materials can generate desirable
MOFs for a specific purpose.

5. Limitations of MOFs for their industrial applications to

remediate PTE-contaminated wastewater

Despite MOF-mediated efficient remediation of PTE-

contaminated wastewaters, the industrial and large-scale appli-
cations of these adsorbents are still challenging due to numer-
ous relevant limitations. Since their first synthesis, MOF-
related research mainly focused on enhancing the surface area

for increased adoption. However, during this quest, many
MOFs synthesized were not capable for large-scale industrial
application. The key limitations of MOFs in this regard

include stability, specific PTE adsorption, multi-metal PTE



12 Z.A. ALOthman, M. Shahid
adsorption, production cost, possible toxicity to living organ-
isms, mass production and regeneration potential.

5.1. Stability limitation

The industrial application of MOF greatly depends on its sta-
bility (water, chemical, and thermal) (Feng et al., 2018).

Despite extraordinary performances of MOFs adsorbents to
remediate different types of pollutants from water, the poor
water stability is deterring their practical application. Degra-

dation of an MOF after a prolonged exposure to humid con-
ditions is not acceptable for their real-life applications. It is
believed that to effectively remove PTEs and other pollutants

from the aqueous media, the adsorbent used must have high
water stability for possible future commercialization (Feng
et al., 2018; Soltani et al., 2021).

Unfortunately, reports have characterized numerous MOFs

being unstable in aqueous media such as MOF-511 and MOF-
50812 (Batra et al., 2020). Majority of reported MOFs suffered
from low endurance under aqueous media (Liu et al., 2020).

Some studies revealed this water-sensitivity being the main
shortcoming hindering practical MOF application of MOFs
(Feng et al., 2018; Feng et al., 2021a; Soltani et al., 2021).

The lifetime or stability of a compound is assessed using accel-
eration test under 85 % humidity and 85 �C temperature.
Unfortunately, numerous previously synthesized MOFs were
not able to sustain their structure due to their low aqueous

acid/base stabilities (Ryu et al., 2021). Especially, Zn-based
MOFs have been reported to breakdown easily after being
exposed to humidity or chemicals (Ryu et al., 2021). Liu

et al. (2020) reviewed and summarized numerous hydrophilic
MOFs such as MIL-53(Cr), MIL-101(Cr), Cr3(BTC)2(Cr),
BUT-8A(Cr), N3-PCN-333(Cr), MIL-53(Al), MIL-53- NH2(-

Al), MUV-2(Fe), PCN-333(Fe), LaBTN(La), UiO-66(Zr),
UiO-66- NH2(Zr), UiO-66-COOCu(Zr), UiO-67(Zr) and many
more.

There are numerous underlying aspects that make an MOF
hydrophilic and reduce its aqueous stability. Usually, the metal
ion coordination bonding with linkers is prone to water
attacks. In fact, exposure to water can displace MOF linkers,

thereby mediating alterations in their structures. Thus, the
governing parameters and underlying mechanisms of the
intrinsic PTE-MOF adsorption properties and stability under

varied humid, chemical, and thermal conditions need to be
identified and improved.

5.2. Inefficient large-scale MOF synthesis

Another limitation apropos industrial application of MOFs is
their low mass production. For large-scale industrial produc-

tions, a method needs to produce desired quality and quantity
of required MOFs (Cai et al., 2021). Despite a great number of
MOFs (>100,000) being synthesized, the synthesis techniques
usually yield < 1 g of high-quality porous crystalline material.

There are numerous factors which overall govern the process
of self-crystallization of MOFs. Hence, the optimization of
crystallization process from small-scale to industrial scale is

an uphill activity. Moreover, some processes such as solvent
layering and vapor/base diffusion perform better under limited
reaction volumes and are not ideal for large-scale production

(Gao et al., 2021b; Ma et al., 2022). Similarly, high tempera-
ture and pressure requirements of certain methods are not
easily viable at large scales. These restrictions of certain pro-
cesses for mass production of MOFs are limiting their real-

life applications.

5.3. Inefficient specific/selective PTE adsorption

In addition to MOF stability, efficiency of an MOF to effec-
tively adsorb a specific PTE form aqueous media hinders its
industrial commercialization. Selectivity process is considered

the most important factor when assessing the application of
a porous structure for water treatment (Sun et al., 2018;
Goyal et al., 2021; Wu et al., 2021; Zhang et al., 2021a). The

natural waters or wastewaters contain high amounts of com-
peting ions (such as Ca, Mg, Na, and K), which can greatly
interfere with the adsorption of a specific PTE by MOFs
(Wang et al., 2020a; Goyal et al., 2021; Shamim et al., 2022).

These competing ions block pores of crystalline structure,
thereby affecting MOF capacity and/or removal rate. There-
fore, it is of great importance that the MOFs must have selec-

tivity preference for desired PTE over competing ions.
In industrial applications, MOFs are required to adsorb

and remove a specific toxic substance (such as a PTE or a

dye) from wastewater rather than other non-toxic substances.
Under such conditions, the specific adsorption of a required
PTE is highly vital for an effective remediation. Otherwise,
the cost and quantity of waste material produced increased

to a level making the technique ineffective. Consequently, the
specific/selective adsorption of PTE from aqueous media have
gained considerable attention in recent syntheses.

5.4. Inefficient multi-PTE adsorption

The syntheses of multifunctional adsorbents (such as the

removal of more than one PTE or more than one pollutant)
for wastewater remediation is still a mammoth challenge.
Majority of the studies dealing with MOF-mediated PTE

removal focused on a single PTE-contaminated aqueous
media. In fact, these studies, in most cases, assessed the
MOF-mediated PTE removal from a synthetic PTE solution
prepared in a laboratory. The solvent used in these studies is

generally a distilled water that is free from competing ions/
metals. Only few studies have focused on MOF-mediated
multi-PTE removal from naturally contaminated waters or

industrial/municipal wastewaters (El-Hakam et al., 2021;
Roy et al., 2021).

Although the presence of complex functional sites can sig-

nificantly enhance PTM adsorption by adsorbents, many
MOFs still adsorb only one or a few specific PTEs, but not
all the co-existing PTEs. This scenario is more applied and cru-

cial under natural conditions where waters, especially wastew-
aters are mostly contaminated with > one PTE. Therefore, it
is highly imperative to develop adsorbents having strong bind-
ing strengths for diverse PTEs.

5.5. Inefficient regeneration/reuse of MOFs

One of the key features for a suitable industrial application of

MOFs is their capacity of effective regeneration. This feature is
highly important for energy saving and resource preservation.
This characteristic is of great importance to minimize the
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amount of waste produced and to manage MOF-related envi-
ronmental toxicity. Briefly, regeneration of MOFs for their
reuse to remediate PTE-contaminated waters helps to conserve

resources, prevent pollution, and ensure economic feasibility.

5.6. Toxicity of MOFs

Another limiting factor vis-à-vis MOF industrial application is
its potential toxicity. Despite considerable research, potential
MOF toxicity to living organisms is poorly understood. Envi-

ronmental sustainability demands complete understanding
regarding the potential toxicity of a substance when released
to ecosystem and tends to be exposed to living organisms.

Some recent reports have highlighted MOF-induced toxic
effects to living organisms due to the presence of PTEs and
functional sites in MOFs (Ouyang et al., 2021; Ouyang et al.,
2022). Generally, PTEs (Cd, Ni, Hg, Cu, Co, Zn etc.) are

non-biodegradable and are present in MOFs in the form of
NPs. Exposure to these PTEs via biomedical applications of
MOFs can mediate numerous noxious effects in humans. Like-

wise, the organic linkers used to synthesize MOFs such as
phosphonates, carboxylates, imidazolates, and amines can
mediate moderate toxicity symptoms such as irritation. The

solvents used (such as DMSO, DMF, and ethanol) for the liq-
uid state reactions during MOF synthesis and the crystal size
of MOFs may provoke toxicity to the organism exposed
(Ouyang et al., 2022).

5.7. Synthesis cost of MOFs

One of the key factors mediating large-scale application and

commercialization of a product is related to its production
cost. The MOF synthesis cost is very high due to the use of
numerous materials such as metal nodes, organic ligands, sol-

vents, and catalysts. For example, Ryu et al. (2021) estimated
the production cost of MOF-5, MOF-74 and UiO-66 approx-
imately 527, 887 and 504 USD/kg. This makes MOF synthesis

much costly than commonly used adsorbents such as agricul-
Fig. 5 Timeline of the historical MOF advancements towards
tural byproducts, silica gel, zeolites, and activated carbon,
which have synthesis cost < 50 USD/kg. Hence, economic fac-
tors related to MOF synthesis are also liming its industrial

application.

6. Recent advancements in MOF synthesis and related

mechanisms for improved industrial applications to remediate

PTE-contaminated wastewaters

Keeping in view the vast considerations regarding the synthe-

ses and applications of MOFs, these adsorbents have the
potential to appear as a common material for daily use in com-
ing years. Therefore, researchers/scientists are timely working

on their future applications, especially at industrial scale.
Hence, MOF synthesis processes have been improved and
screened with time to improve and rectify their above-

mentioned industrial limitations (Fig. 5). In this regard, vari-
ous studies have reported numerous MOFs having ideal char-
acteristics for their large-scale and industrial applications.

6.1. MOF stability and PTE removal from wastewater

Since the MOFs have been discovered, the synthesis realm has
shifted from ‘‘water-sensitive” such as HKUST-1(Cu) and

MOF-5(Zn) to ‘‘water-stable” such as MIL-101(Cr) and
ZIF-8(Zn). Nowadays, MOFs are routinely designed to endure
critical industrial conditions with paramount water stability

such as UiO-66(Zr). Consequently, numerous water-stable
MOFs have been synthesized and characterized for numerous
applications including remediation of pollutants/PTEs from
waters (Table 6). Various modifications have been made to

MOF structures in recent past to improve their stability for
pollutant removal from water (Feng et al., 2021a).

Water-stable MOF can preserve its structure and function

under aqueous medium to govern possible interaction with
PTEs. Lately, Batra et al. (2020) classified some recently-syn
thesized > 200 MOFs for their aqueous and kinetic stability

using a machine learning-based model. For that, they used
possible industrialization [modified from Gao et al. (2021a)].
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two types of models to classify MOFs (i) a two-class model to
differentiate between stable and unstable MOFs, and (ii) a
three-class model to classify MOFs as thermodynamically

stable, kinetically stable, or unstable. The number of MOFs
within each stability class were 25 stable, 118 having high
kinetic stability, 42 with low kinetic stability and 22 unstable.

Several characteristics of an MOF determine its stability
such as hydrophobicity, crystallinity, porosity, and coordina-
tion geometry of metal–ligand (Feng et al., 2018; Fu et al.,

2019; Feng et al., 2021a). Moreover, the applied experimental
conditions (pH, temperature) also affect MOF stability. Gen-
erally, the water stability of an MOF depends on coordination
bonds between PTEs and organic ligands (Feng et al., 2018; Fu

et al., 2019; Feng et al., 2021a). Hence, the strengths of the
bonds that form MOF frameworks eventually determine the
stability (Feng et al., 2018). The stronger the interaction bond

between PTEs and organic ligands, higher will be the water
stability of an MOF and vice versa. In fact, water molecules
cannot substitute the strong bond existing between PTEs and

organic ligands of an MOF.
Table 6 Examples of stability and regeneration/reuse potential of

2018–21).

Materials Metal # of cycles Remova

UiO-66-EDA Pb2+ 4 95–85

UiO-66-EDA Cd2+ 4 89–78

UiO-66-EDA Cu2+ 4 79–68

Mag MOF-NH2 U6+ 5 90–88

Fe-MIL-88NH2 Pb2+ 4 94–85

Zr-BTC F� 8 98–68

Fe-BTC F� 8 96–69

Al-BTC F� 8 92–66

Fe3O4@ZIF-8 Pb2+ 4 99–54

Fe3O4@ZIF-8 Cu2+ 4 98–51

Fe3O4@ZIF-8 Pb2+ 4 �
Fe3O4@ZIF-8 Cu2+ 4 �
Cu-MOF-74 Cd2+ 3 �
Zr-MOF Pb2+ 3 26–17

Zr-MOF Cd2+ 3 18–10

ZIF-67/ZIF-8 As5+ 5 �
ZIF-67/ZIF-8 Cr6+ 5 �
Zr-MOF Hg2+ 3 98–84

ZIF-8@SnO2@CoFe2O4 Ni2+ 5 �
Fe/Mg-MIL-88B As5+ 5 99–85

PCN-221 Hg2+ 3 93–75

UiO-66-NH2@CA Cu2+ 5 89–70

melamine-MOFs Pb2+ 5 �
Cu-MOFs/Fe3O4 Pb2+ 5 96–50

UiO-66-GMA Pb2+ 5 94–78

UiO-66-GMA Cd2+ 5 98–81

MIL-121 Pb2+ 10 99

MIL-121 Ni2+ 10 99

MOFs Pb2+ 3 55–40

MOFs Cr6+ 3 73–60

UiO-66-S Fe3+ 6 99–89

CelloZIFPaper Pb2+ 3 99–89

CelloZIFPaper Cu2+ 3 99–60

CelloZIFPaper Co2+ 3 99–50

TMU-81 Cd2+ 5 45–38

UiO-66-ATU Au3+ 4 90–72

MFZ Cd2+ 4 99.9–78
The charge of metal cation positively correlates while the
ionic radius negatively correlates with the strength of metal–li-
gand bond and thereby the stability of MOF (Devic and Serre,

2014; Ibrahim et al., 2021). Therefore, PTE ions with high
charge densities (combined influence of metal ion charge and
radius) form strong coordination bonds, and thereby stable

MOFs. For example, the coordination of hard bases (such as
carboxylate-based ligand) with high-valent PTE ions (Al3+,
Fe3+, Cr3+, Ti4+ Zr4+) results in the formation of stable

frameworks (Devic and Serre, 2014). Using these combinations
of hard bases and high-valent PTEs, numerous stable MOF
have been synthesized and applied for pollutant removal from
water (Shahid et al., 2014a). These stable MOFs (MIL-100,

MAFs, ZIF, UiO-66, UiO-67, MIL-101(Cr), NiCo-LDH/
MO etc.) possess outstanding chemical stability for efficient
pollutant remediation (Liu et al., 2020). Similarly, ligand with

high acid dissociation constant (azoles) form strong interac-
tions with low valent-PTE ions. Likewise, coordination of soft
divalent PTE (such as Cu, Zn, Ni, Ag) with soft azolate ligands

(triazolates, tetrazolates) generally forms stable structures
(Ding et al., 2019; Ibrahim et al., 2021).
MOFs to adsorb PTEs from wastewaters (recent data literature

l (%) Adsorption (mg/g) Reference

� (Ahmadijokani et al., 2021)

� (Ahmadijokani et al., 2021)

� (Ahmadijokani et al., 2021)

� (Chen et al., 2021)

� (Fu et al., 2021)

� (Jeyaseelan et al., 2021a)

� (Jeyaseelan et al., 2021a)

� (Jeyaseelan et al., 2021a)

� (Jiang et al., 2021c)

� (Jiang et al., 2021c)

340–175 (Jiang et al., 2021c)

290–175 (Jiang et al., 2021c)

85–64 (Kim et al., 2021)

� (Nimbalkar and Bhat, 2021)

� (Nimbalkar and Bhat, 2021)

71–66 (Nqombolo et al., 2021)

69–65 (Nqombolo et al., 2021)

� (Yan et al., 2022)

12.3–9.3 (Roudbari et al., 2021)

� (Zhou et al., 2020b)

� (Hasankola et al., 2019)

� (Lei et al., 2019)

120–82 (Yin et al., 2018)

� (Shi et al., 2018)

� (Gul Zaman et al., 2022)

� (Gul Zaman et al., 2022)

� (Ji et al., 2022b)

� (Ji et al., 2022b)

� (Zheng et al., 2021)

� (Zheng et al., 2021)

� (Yuan et al., 2022b)

� (Abdelhamid et al., 2022)

� (Abdelhamid et al., 2022)

� (Abdelhamid et al., 2022)

� (Esrafili et al., 2021)

� (Zhao et al., 2020c)

� (Li et al., 2022b)
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The characterization and applications of UiO-66(Zr) in
numerous studies have revealed this MOF being high stable
(Liu et al., 2020). This cubic close packed MOF has been syn-

thesized using Zr6O4(OH)4 and carboxylate. The high stabil-
ity of UiO-66(Zr) in aqueous medium depends on its high
connectivity, which renders steric shielding to crystalline struc-

ture. Similarly, MIL-125(Ti) is another model of high-water
stability.

MOF stability can also be increased by protecting the coor-

dination sites form water attack. Adding alkyl functional
groups or hydrophobic fluorinated to linkers can block water
access to coordination bonds, thereby improving water stabil-
ity of MOF structure. The water stability of UiO-67(Zr)

improved significantly after incorporation of Trifluoromethyl
groups. Several other studies also reported enhanced MOF
water stability due to decorating different groups on MOF

linkers.
Studies have proposed several other techniques to improve

MOF chemical stability such as presence of hydrophobic skele-

ton, increasing ligand basicity and enhancing coordination
numbers (Burtch et al., 2014; Ahmed and Jhung, 2017). Simi-
larly, enhancing the hydrophobicity of MOF internal surfaces

also increases its stability (Ahmed and Jhung, 2017). Function-
alization of ligands also mediates stability to MOFs in water
Table 7 Examples of MOF-based selective removal of PTEs from

Materials Metal Removal (%) Adsor

MOF-808-SH Hg 99 977.5

MOFs Hg 97 �
MoS4-MOF Hg � 714.3

Fe3O4 – Cu-MOF (i-MOF Pb 93 610

MIL-100 (Fe) Pb 99.35 �
Zn(Bim)(OAc) Pb � 253.8

Zn(Bim)(OAc) Cu � 335.57

Fe-BTC/PDA Hg 99.8 1634

UiO-66, UiO-67 MOFs Pb 95 366

Zr-MOF Hg 90 1080

Zr-MOF Pb 90 510

HKUST-1 Pb � 819.28

ZIF-8-EGCG Cu � 232.97

FE-SEM. ZT-MOFs Au 94.5 333.34

UiO-66-NH2 Hg � 327.88

Zr-based MOFs Cr � 338.98

MIL-121 Cu 99 �
MIL-121 Pb 99 �
Fe-BTC/PDA Pb 99.8 394

MOFs Pb � 537.63

MOFs Cr � 787.40

MOFs Hg � 269

MOFs Pb � 215

UiO-66-Cl Fe � 490

UiO-66-S Fe � 285

Fe3O4@ZIF-8 Cd 64 �
Fe3O4@ZIF-8 Pb 90 �
Fe3O4@UiO-66-NH2 Cd 85 �
Fe3O4@UiO-66-NH2 Pb 97 �
Fe3O4@ZIF-8 Cd 64 �
Fe3O4@ZIF-8 Pb 89 �
Fe3O4@UiO-66-NH2 Cd 85 �
Fe3O4@UiO-66-NH2 Pb 97 �
(Wang and Cohen, 2009). The UiO-66-MOFs and their com-
posites are highly water-stable due to short chains of ligands
and strong coordinated bonds, which impart them excellent

chemical and water stability. Recently, Morcos et al. (2021)
reported that UiO-67 and UiO-66 MOFs sustained their struc-
tural stability after 95 % removal of Pb and was fully regener-

ated during four cycles.

6.2. Selective PTE removal efficiency of MOFs: Effect of
competing ions

Selectivity process is considered the most important factor
when assessing the application of a porous structure for water

treatment (Table 7) (Sun et al., 2018; Goyal et al., 2021; Wu
et al., 2021). Some studies have reported selectivity for certain
PTE by MOFs despite high levels of competing ions: Hg(II) by
MOF-808 (Ji et al., 2022a), Pb and Cu by MOF-2 (Cd)

(Ghaedi et al., 2018), Cd and Hg by FJI-H9 (Xue et al.,
2016), Pb and Hg by Fe-BTC/PDA (Sun et al., 2018), Pb by
Fe3O4 – Cu-MOF (i-MOF) (Goyal et al., 2021), and Pb by

MIL-100 (Fe) (Zhang et al., 2021b).
There are different mechanisms of this PTE selectivity by

MOFs over competing ions. One mechanism relies on Pear-

son’s Hard-Soft-Acid-Base rule. Some metals (such as Cu
wastewaters (recent data literature 2020–21).

ption (mg/g) Time (min) Reference

10 sec (Ji et al., 2022a)

2 (Wu et al., 2021)

� (Nozohour Yazdi et al., 2021)

� (Goyal et al., 2021)

� (Zhang et al., 2021b)

30 (Xu et al., 2020)

90 (Xu et al., 2020)

� (Sun et al., 2018)

� (Morcos et al., 2021)

10 (Wang et al., 2020a)

90 (Wang et al., 2020a)

60 (Wang et al., 2021b)

� (Wen and Hu, 2021)

480 (Huang et al., 2020)

� (Feng et al., 2021b)

� (Chen et al., 2023)

� (Ji et al., 2022b)

� (Ji et al., 2022b)

� (Sun et al., 2018)

4 � (Zheng et al., 2021)

2 � (Zheng et al., 2021)

� (Rouhani and Morsali, 2018)

� (Rouhani and Morsali, 2018)

� (Yuan et al., 2022b)

� (Yuan et al., 2022b)

� (Abdel-Magied et al., 2022)

� (Abdel-Magied et al., 2022)

� (Abdel-Magied et al., 2022)

� (Abdel-Magied et al., 2022)

� (Abdel-Magied et al., 2022)

� (Abdel-Magied et al., 2022)

� (Abdel-Magied et al., 2022)

� (Abdel-Magied et al., 2022)
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and Pb) are soft acids, while Ca2+ and Mg2+ are hard acids
(Fu and Huang, 2018; Jeyaseelan et al., 2021a). The presence
of nitrogen groups of 2-methylimidazole (Fe3O4@ZIF-8) pre-

fers Pb2+ and Cu2+ over Ca2+ and Mg2+ (Fu and Huang,
2018). This makes Fe3O4@ZIF-8 a highly selective for Pb2+

and Cu2+ in aqueous medium. Similarly, Jiang et al. (2021c)

reported no effect of Ca2+, Mg2+, SO4
2� and Cl� on PTE

adsorption by Fe3O4@ZIF-8. Likewise, Jeyaseelan et al.
(2021a) showed M-BTC MOF selectivity for F� removal over

competing ions such as CO3
2�, NO3

�, Cl�, SO4
2� and PO4

2�.
Reports have demonstrated that the selectivity coefficients

and distribution coefficients of competing ions for MOFs
underline the selective removal of a PTE. Recently, Chen

et al. (2023) revealed high selective adsorption of Cr6+ by
Form-UiO-66-NH2 compared to other PTEs. They reported
that selectivity coefficient of Form-UiO-66-NH2 for Cr6+

had severalfold higher values than competing PTEs. The selec-
tivity coefficient values were about 45-times higher than Ni,
50-times higher than Pb, 56-times higher than Cu, 41-times

higher than Cd and 58-times higher than Cr3+ (Chen et al.,
2023). Authors revealed that Form-UiO-66-NH2 possesses
positive charge at pH 2 that could be a possible reason of high

selectivity coefficient for Cr6+ than other PTEs. The
positively-charged MOFs adsorbed negatively-charged Cr6+

but repelled positively-charged PTEs, thus making this adsor-
bent a highly selective adsorbent for Cr6+.
Table 8 Application of MOFs to remediate multi-metal(loid) and

2018–21).

Materials Multi metal removal

Multi-metal(loid) contaminated wastewater

MOFs Cr (73 %), Pb (55 %), Zn (35 %)

(MOF) ZIF-8 Pb (164–220 mg/g), Cd (92–161 mg/g)

Ag-Mg-MOF Pb (350 mg/g) > Cd (270 mg/g) > Cu (202 mg/g)

UiO-66-EDA Pb (243.90 mg/g) > Cd (217.39 mg/g) > Cu (208.33

UiO-66-EDTA Eu (195.2), Hg (371.6) and Pb (357.9)

UIO-67-EDTA Cr3+ (416.67), Hg2+ (256.41) and Pb2+ (312.15 mg/

Ag-Fe MOF Cd (265 mg/g) and Cu (213 mg/g)

UiO-66-GMA Cu (90 %), Cd (82 %), Pb (79 %)

UiO-66-GMA 85 % Cd and 76 % Cu

UiO-66-GMA 91 % Cd and 89 % Pb

UiO-66-GMA 82 % Cu and 76 % Pb

MOF-2 (Cd) Pb (769.23 mg/g) and Cu (434.78 mg/g)

Multi-pollutant contaminated wastewater

Zr-MFC-N Pb (102 mg/g) and methylene blue (128 mg/g)

MOF@CNT Au3+ (1832 mg/g) and Pd2+ (1651 mg/g)

Zr-MOF Pb (100 mg/g), Cd (37 mg/g) and MB dye (169 mg/g

ZnO-NP@Zn-

MOF-

Cu (106.2 mg/g) and tetracycline (137.1 mg/g)

UiO-66 MOF 66.1 mg/g F-, 30 mg/g Cr6+, 485.4 mg/g diclofenac

793.7 mg/g congo red

CaFu MOF Cd (781.2 mg/g) and imidaclopri (467.23 mg/g)

V2O5@Ch/Cu-

TMA

Cr6+ by 92.43 %–96.95 % and LEVO drug by 91.99
Wastewaters usually contain more concentration of organic
molecules than surface waters. Therefore, some recent studies
also tested the effect of these competing organic molecules with

the PTE adsorption capacity of MOFs in wastewaters. Sun
et al. (2018) tested Fe-BTC/PDA potential to selectively
remove Pb from wastewater sample containing high amount

of organic molecules (up to 14 000 times that of Pb2+). The
Fe-BTC/PDA reduced Pb level from 700 ppb to 2 ppb. The
porous material showed about 70 % Pb removal in the first

minute, 90 % in 60 min, and up to 99.8 % in 24 h (Sun
et al., 2018).

The levels of competing cations and targeted PTE also
affect the selectivity process (Wen and Hu, 2021). Despite

the presence of 10-fold higher levels of anions,
Dyes � MOF-80 was able to adsorb 83 mg/g of Cr2O7

2� from
wastewater within 3 min. Similarly, Fe-BTC/PDA has shown

an exceptional efficiency to adsorb high levels of Hg and Pb
from naturals water with unprecedented rate and selectivity.
It was demonstrated that Fe-BTC/PDA decreased Pb contents

in natural water (in the presence of competing ions) to drink-
able levels in < 1 min. Mostly, the selective nature of an MOF
for a PTE is developed by introducing extrinsic porosity to an

MOF structure. Future research needs more focus on the syn-
thesis and underlying mechanisms of PTE selectivity by MOFs
under natural conditions having different types and composi-
tions of competing ions.
multi-pollutant contaminated wastewaters (recent data literature

Reference

(Zheng et al., 2021)

(Roy et al., 2021)

(El-Hakam et al., 2021)

mg/g) (Ahmadijokani et al.,

2021)

(Wu et al., 2019)

g) (Nie et al., 2021)

(Abo El-Yazeed et al.,

2020)

(Gul Zaman et al.,

2022)

(Gul Zaman et al.,

2022)

(Gul Zaman et al.,

2022)

(Gul Zaman et al.,

2022)

(Ghaedi et al., 2018)

(Huang et al., 2018a)

(Zuhra et al., 2021)

) (Nimbalkar and Bhat,

2021)

(Guo et al., 2021)

sodium, 110 mg/g methylene blue and (Rego et al., 2021)

(Singh et al., 2021)

%–97.20 % (Mahmoud et al., 2021)
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6.3. Multi-metal removal by MOFs: Role of competing ions

Although majority of the studies primarily focused on single
metal(loid) removal efficiency of MOFs, however, few studies
also focused on multi-metal(loid) removal (Table 8) (El-

Hakam et al., 2021; Roy et al., 2021). This scenario is more
applied under natural conditions where waters, especially
wastewaters are generally contaminated with > one metal
(loid). Table 8 summarizes recent studies reporting multi-

metal(loid)s or multi-pollutants removal by different types of
MOFs. For example, El-Hakam et al. (2021) reported Ag-
Mg-MOF-mediated multi-metal removal (Pb by 350 mg/g,

Cd by 270 mg/g and Cu by 202 mg/g). Similarly, bare UiO-
66 is capable to effectively adsorb Cr6+ (86 mg/g) and As5+

(303 mg/g) from water (Wang et al., 2015a; Noraee et al.,

2019; Boix et al., 2020). However, after functionalization with
thiourea groups, UiO-66 becomes capable of adsorbing multi-
ple PTEs (mg/g) such as Hg2+ (769), As5+ (303), Pb2+ (232),

Cr3+ (117) and Cd2+ (49) (Noraee et al., 2019; Boix et al.,
2020). This shows the efficiency of some MOFs to remediate
more than one metal(loid) from wastewaters.

The multi-metal removal efficiency of MOFs depends on

post-synthetic functionalization (adding additional materials
to their crystalline structure), which enhances binding strength
for serval PTEs. For example, adding ethylenediaminete-

traacetic acid (EDTA), a ligand with high binding strength
for various PTEs, to MOF crystalline structure can enhance
multi-metal adsorption potential. Nie et al. (2021) incorpo-

rated EDTA to MOF (UIO-67) and synthesized multifunc-
tional UIO-67-EDTA. This MOF-EDTA-based trap was
highly efficient to remove multiple co-existing PTEs (Pb, Mn,
Cr, Co, Ni, Cu, Hg, Zn, Bi, Ag, Sn, Cd) from waters. Yan

et al. (2022) revealed that UiO-66-EDTMPA adsorbed 8.77
(Pb2+), 5.19 (Cu2+) and 5.63 (Cd2+) times-higher PTEs com-
pared to raw UiO-66.

Likewise, Ahmadijokani et al. (2021) assessed UiO-66-EDA
removal efficiency for single, binary, and ternary metal(loid)
solutions of Cd, Pb, and Cu. Under single-metal(loid) solution,

they reported UiO-66-EDA-mediated removal efficiency of
89 %, 95 %, and 80 %, respectively for Cd, Pb, and Cu. There
was a significant decrease in removal efficiency of Cu (down to

50 % in binary and 44 % in ternary solutions) and Cd (56 %
in binary and 51 % ternary solutions). However, there was a
minor reduction of Pb removal efficiency in binary and ternary
solutions (down to 90 % with Cd, 93 % with Cu, and 88 % with

Cd and Cu). Hence, the removal efficiencies may vary differently
for different metal(loid)s under multi-metal(loid) contaminated
aqueous medium (Ghaedi et al., 2018; Abo El-Yazeed et al.,

2020; Ahmadijokani et al., 2021). Yet, more studies are war-
ranted for multi-metal(loid) removal by MOFs to better under-
stand the associated effects, trends and mechanisms.

6.4. Regeneration potential of MOFs

One of the key features of recently-synthesized MOFs is their

capacity of effective regeneration, which makes them highly
suitable for industrial application. Several studies successfully
regenerated and reused MOFs to remove PTEs for 3–5 cycles
in adsorption processes (Table 6) (Ahmadijokani et al., 2021;

Chen et al., 2021; Fu et al., 2021; Jeyaseelan et al., 2021a).
During four cycles of adsorption/desorption, the Au3+
removal rate by ZT-MOFs decreased only from 94 to 87 %
(Huang et al., 2020), thereby indicating good application for
Au3+ remediation. More recently, Ji et al. (2021) showed

extraordinary regeneration and removal potential of MIL-
121 for Ni and Pb (>99 % for both PTEs) up to 10 consecu-
tive cycles of adsorption–desorption.

Generally, the adsorption mechanisms of PTEs on MOFs
determine the regeneration/desorption of MOFs, and thereby
their recycling capacity. Some MOFs have high binding affin-

ity for certain PTEs, therefore they have a strong binding inter-
action with PTE resulting in a limited regeneration potential
(Ahmadijokani et al., 2021; Chen et al., 2021; Fu et al.,
2021; Jeyaseelan et al., 2021a). In fact, due to strong PTE bind-

ing with MOFs, there is limited possibility of their desorption
from active sites. Hence, the binding sites become unavailable
for PTE adsorption and reuse.

The regeneration processes involve the activation by open-
ing accessible pores and open metal sites for adsorption of
PTEs and other pollutants/elements. The highly ideal MOF

retain their specific chemical and structural characteristics
after activation/regeneration. In order to improve regeneration
potential of MOFs, recent studies have developed effective

MOF structures containing high porosity, hydrophobicity,
specific heteroatoms, coordinative unsaturated metal sites,
and covalent functionalization. Under certain scenarios, where
MOFs cannot be successfully regenerated, they are converted

to any other useful product such as metal-nanoparticles and
nanocomposites (Kumar et al., 2019).

7. Conclusions and perspectives

The recent literature data (2018–22) about water contamination by

PTEs has revealed a grave threat to environmental sustainability and

human health at a global scale. The use and release of PTEs has almost

become invincible in modern industrial processes. Therefore, the

advent of highly effective sorbents has become the need of the day

and coming future. Accordingly, the continuous environmental moni-

toring and their effective and timely remediation are highly necessary

and unavoidable.

The recent literature data also delineated metal–organic frame-

works (MOFs) as highly effective and efficient adsorbents owing to

their numerous intrinsic characteristics such as high porosity, surface

area, specific cavity structure, selectivity, reusability, and structural

stability. Based on literature data, it is proposed that post-synthetic

functionalization can introduce several highly useful characteristics

to MOFs making them highly effective, stable, selective, and reusable

martials to sorb PTEs at industrial level. Overall, MOFs have a wide

range of adsorption characteristics, mechanisms, and capacities for a

variety of PTEs under varied conditions. This review will act as guide-

lines for future studies regarding MOF-mediated PTE removal from

wastewaters.

Based on available literature data, recent trends and potential

research gaps, the following future perspectives have been put-forth.

� Despite their useful characteristics and increased use in different

applications, the future research needs to focus on the development

of MOFs with exceptional selectivity, excellent adsorption capacity,

high chemical stability, and enhanced regeneration potential.

Moreover, the synthesis processes need to be highly cost-effective,

easy, simple, and green.

� Owing to their highly useful intrinsic characteristics, MOFs have

great potential to remediate different types of pollutants. However,

there is a need to further enhance the transformation of research

from laboratory-to-pilot scale.
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� There exist different compositions of wastewater depending on the

types of pollutants and competing ions. Hence, it remains a signif-

icant challenge to develop condition-specific MOFs such as for

single-, binary-, ternary- and multi-pollutant contaminated condi-

tions along with the occurrence of competing ions.

� Besides their high effectiveness for adsorption processes, there is a

great need to monitor the possible environmental toxicology of syn-

thesized MOFs for sustainable remediation.

� Nowadays, some companies (such as NuMat Technologies, BASF,

MOFapps, ImmondoTech, framergy, MOF Technologies etc.) are

mediating mass production of certain MOFs for their industrial

applications, including ion doping in semiconductors, toxic gas

adsorptions, and gas storages. To further facilitate the large-scale

MOF synthesis, economic and green synthesis processes need fur-

ther research.
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