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Elevated levels of potentially toxic elements (PTEs) in aqueous environments have drawn attention recently
due to their presence and toxicity to living beings. There have been numerous attempts to remove PTEs
from aqueous media. The potential of metal-organic frameworks (MOFs) in removing PTEs from
aqueous media has been recognized due to their distinctive advantages (e.g., increased removal
capability, large surface area, adjustable porosity, and recyclability). Because of the poor stability of MOFs
in water, pre and post synthetic modification and functionalization of MOFs have also been developed
for water treatment investigations. This review addresses the performance and mechanisms of PTE
removal in various modified MOFs in detail. In order to compare the performance of MOFs, here we
used partition coefficient (PC) instead of maximum adsorption capacity, which is sensitively influenced
by initial loading concentrations. Therefore, the PC of each material was used to evaluate the adsorption
performance of different MOFs and to compare with other sorbents. Furthermore, it discusses the scale-
up issues and forthcoming pathway for the research and development needs of MOFs for effective PTE
removal. This review further elucidates the main removal mechanisms of PTEs by MOFs. Commercial or
domestic water treatment systems or water filters can utilize engineered MOFs to treat water by
adsorptive removal. However, marketable products have yet to be investigated thoroughly due to

rsc.li/rsc-advances

1. Introduction

The importance of water quality in sustainable development is
acknowledged in the Agenda for Sustainable Development.
Sustainable Development Goal (SDG) 6 includes two targets for
water quality achievements by 2030. SDG 6.1 seeks to “achieve
universal and equitable access to safe and affordable drinking
water for all,” and SDG 6.3 seeks to “improve water quality by
reducing pollution, eliminating dumping and minimizing release of
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limitations of the large-scale synthesis of MOFs.

hazardous chemicals and materials, halving the proportion of
untreated wastewater, and substantially increasing recycling and
safe reuse globally”.* Water pollution has become a global
challenge due to industrial, agricultural, domestic, and other
anthropogenic activities of billions of human inhabitants on
the planet. Ineffective wastewater treatment and management
have resulted in widespread pollution of water systems, while
global consideration predominantly emphasized on water
scarcity, efficacy of water usage, and allocation matters.”
Continuous water quality degradation around the world has
been observed to worsen global water scarcity.

Among the various types of contaminants in water,
potentially toxic elements (PTEs) that include both metals
and non-metals have received recent attention due to their
high concentrations in water sources in the environment®*
(Table 1). Environmental significance is determined based on
the concentration levels of such contaminants in water. Some
PTEs like Zn, Cu, and Ni are also classified as micronutrients,
which are necessary dietary components in minimal quan-
tities. However, they also become toxic to living organisms at
higher concentrations. Receive PTEs are brought into the
environmental waters via both natural and anthropogenic
pathways. Among various sources of PTEs into the environ-
ment, mining, agricultural practices, and industrial activities
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Table 1 List of common potentially toxic elements (PTEs): environmental significance, uses, and contaminant levels of PTEs in water systems®

Common PTEs (those with
most significant environmental significance are
indicated with *)

Anthropogenic uses

Maximum Contaminant
Levels (MCL) in water (pg L"), EPA**

Antimony (Sb)

Arsenic (As)*

Beryllium (Be)

Cadmium (Cd)*

Chromium (Cr)*

Copper (Cu)*
Fluorine (F)*

Gold (Au)

Lead (Pb)*

Mercury (Hg)*

Molybdenum (Mo)*

Nickel (Ni)*

Rubidium (Ru)

Selenium (Se)*
Silver (Ag)

Thallium (TI)
Uranium (U)

Vanadium (V)

Zinc (Zn)*

4 EPA** Environmental potential agency.

Semiconductor manufacturing alloy
preparation, batteries, fewer abrasion metals,
flame-retarding materials, paints, glass and
pottery

Glass and ceramics, medications,
agrochemicals, feed additives

Aircraft and missiles production,
communication satellites, windshield frames,
brake discs, support beams, nuclear energy
production

Battery manufacturing, electrochemical
industry, solar cells, pigments, electrical
appliances, nuclear reactors

Electrochemical industry, stainless steel, dyes,
tannery, textiles, photography, pigment industry
Electrical appliances, alloys, pesticides
High-temperature plastics, electrical equipment
nuclear energy and chemical industry
Electronics, jewelry, computers, dentistry,
aerospace engineering

Anti-knock agents, battery industry, paints,
ammunition, glass, ceramicware, rubber
manufacturing

Catalyst manufacturing, electrical appliances,
batteries, fluorescent lights, felt production,
thermometers, and barometers

Alloying agent in steel, heat, and corrosion-
resistant materials used in the chemical
industry, lubricants

Alloys battery industry, electrical appliances,
electrochemical industry, paint and pigment
manufacturing

Vacuum tubes, photocells, space crafts, thin-
film batteries

Micronutrients, pharmaceuticals

Jewelry, electrical utilities, digital imaging,
clothing, soaps, photochromic lenses
Photocells, glassware

Nuclear reactors, military purposes

Alloys, superconducting materials, vehicle spare
parts

Alloy manufacturing, galvanizing, rubber
industry, paper production, paints, enamel and
plastic products, fertilizer industry, feed
additives, drugs, cosmetics

6
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10

1300
2000

15

40

100

100
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5000

are considered to be the prominent.>** PTEs are persistent in
the environment and can cause chronic diseases in exposed
plants and animals to alarm the need for their removal from
water systems.’

An array of water treatment technologies with rigorous
norms has been implemented globally over the last few decades
to remediate PTEs in water. These technologies vary in their
efficiency and effectiveness, such as chlorination, ozonation,
photocatalytic oxidation, adsorption, electrochemical oxida-
tion, and coagulation-flocculation. Among these options,

34360 | RSC Adv., 2019, 9, 34359-34376

adsorption is often taken to be a preferable method to treat
water.® Adsorption is user-friendly, environmentally sound, and
cost-effective.” However, most adsorption methods have
inherent limitations.?

Numerous materials such as biochar, activated carbon, chi-
tosan composites, plant products, fly-ash, nanoparticles, gra-
phene oxide, natural minerals, and clay/polymer composites
have been used as adsorbent for the removal of PTE from water.
Biochar and its modifications have gained recent attention for
their activated carbon-negative nature and high surface area

This journal is © The Royal Society of Chemistry 2019
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compared to some other adsorbents, which may improve their
ability to treat various contaminants in water.” Some common
materials that have been explored extensively during the last
decade for adsorption of heavy metals are natural and nano
metal oxides (NMOs). Characteristics of NMOs are the consid-
erable surface area and extraordinary reactivity.'® Nanoparticles
tend to aggregate due to their nanoscale size, and a subsequent
decrease of adsorption efficiency is observed." At the same
time, impregnation of NMOs onto natural or synthetic porous
structures has advanced the stability of NMOs."** Zeolites are
another class of efficient adsorbents that can be readily
synthesized; hence, they are commonly used for the removal of
PTEs." Some of these materials are high in production cost, due
to comparatively low adsorption capacity, leaching, and bed
clogging, which make them impractical to use for adsorptive
removal.®* Many adsorbents are active only in a particular pH
range, or physicochemical instability, low regeneration/
recycling capacity, high selectivity, low surface area, and high
susceptibility to interference effects. All these properties can
limit the adsorbent's capacity to remove PTEs from aqueous
media.

Recent adsorbent research has focused on metal-organic
frameworks (MOFs), highly ordered, crystalline, and porous
materials, known as for their extraordinary performances in
remediating various contaminants.™7 Similar to nano-
materials, MOFs are useful in many different applications.
However, MOFs have poor stability in water, which hampers
their use in adsorption of contaminants in water. Milestones
of MOFs synthesis and their application in water pollution
remediation is shown in Fig. 1. As water-stable MOFs and
modifications have been introduced, they have been
researched extensively for the use in the removal of PTEs
from water.'”**** As shown in Fig. 2, a search was conducted
in the Scopus database from 1998-2019 which yields
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Fig. 2 Number of publications on MOFs and metal adsorption based
on data in the Scopus database.

a remarkable increase in the published articles with “heavy
metal adsorption” and “MOF” as keywords. As such, research
in this area has been expanding noticeably in recent years.®
This review aims to offer an overall insight into the interac-
tion between PTEs including heavy metals and MOFs by
focusing on the mechanisms of interaction. Further, this
review discusses the synthesis, performance, and character-
istics of MOFs and the removal of individual contaminants in
separate subsections. More interestingly, we calculate and
report partition coefficient values with the recorded adsorp-
tion capacities. As adsorption capacities are very much
dependent on the initial parameters of laboratory experi-
ments, it does not give a fair comparison. Furthermore, an
attempt was taken to identify gaps in existing research as
a base for future research.

Water Stable

MOFs Modified

MOFs for PTEs
removal

Demessence et al
(2009)

Yee et al (2013)
Column

experiments
for PTEs

MOFs for PTEs
removal
Wang et al (2010),
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Fig.1 Milestones of MOFs synthesis (I-VII) and their application in water pollution remediation (1-,*8 2-,*° 3-,20 4-20 5- 2t §-21/|- 22 || 2524 ||| 25 |\/ - 26
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2. Metal-organic frameworks as
adsorbents in water treatment
2.1 Capacity of the metal-organic framework as adsorbents

Adsorption may happen through physical or chemical interac-
tions of adsorbates and adsorbents. During physisorption, the
sorbent and sorbates are interacting through van der Waals
forces at the adsorbent surface. Since the attachments are not
so secure in physisorption, the sorbents are easily regenerated
through a simple change in the system such as solvent
exchange, slight pH change, or physical treatment. Chemical
adsorption or chemisorption happens through chemical
bonding between the adsorbent surface and adsorbate hence
the enthalpy is high, which makes regeneration difficult and
decreases the reusability of the adsorbent. Among the various
physic-chemical properties of MOFs, their large surface area
and porosity mark them highly desirable for use as adsorbents
as well as advantageous for a variety of applications other than
water treatment.’® Adsorption increases as surface area and
porosity increase due to higher exchange site accessibility and
a greater diffusion rate through the framework. To be viable in
practical water treatment applications, an adsorbent must
remove contaminants quickly, have a high adsorption capacity,
remove a broad range of contaminants, and be reusable.*>*®
The diverse nature, high surface area, tunable pore size, and
high porosity of MOFs make them more attractive for water
treatment than other materials, for instance activated carbon,
biochar, zeolites, nanomaterials, and chitosan beads.** Table 3
shows the results of comparative studies indicating that MOFs
have the best adsorption capacity for selected emerging
contaminants (ECs). Compared to the conventional adsorbents,
ie., carbon nanotubes and zeolite, MOFs have exhibited
significant partitioning coefficients indicating high capacity of
removal independent of the initial conditions. It is evident from
the literature that the maximum adsorption capacity does not
provide a good base to select the best adsorbent due to the
different initial conditions applied in various experiments, and
hence, partition coefficient (PC) is calculated.**> As an
example, maximum adsorption capacity of diclofenac for AC
was 29 and 23% less than 18% SO;H-UiO-66 (sulfonated metal-
organic framework, University of Oslo-66) and PCDM-1000
(porous carbons derived from MOF, prepared at 1000 °C)
MOFs, whereas PC values showed the same pattern (Table
3).»*3* Although high maximum adsorption capacities have
been observed for ciprofloxacin and triclosan for AC, the PC
values are less compared to MOFs, which indicates high
removal potential of MOFs independent of the initial condi-
tions. The crystalline structure, pore structure, order, size, and
shape of MOFs can be adjusted to increase adsorption perfor-
mance by changing the linkers used in the synthesis process.** A
distinctive feature of MOFs is their ability to retain their struc-
tural integrity at the course of synthesis. Moreover, the rela-
tionship between the characteristics and properties of MOFs
and their diverse composition offers them a status above
traditional adsorbents in terms of performance.'® These prop-
erties indicate that MOFs can play a significant role as an

34362 | RSC Adv., 2019, 9, 34359-34376
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adsorbent in water treatment. However, concerns over the water
stability of MOFs have limited their use in practical water
treatment applications. More attention is now being focused
towards synthesizing MOFs with stability in water that can be
used in remediation of contaminants in aqueous media.

The properties and structure of MOFs, especially their high
adsorptive capacity, give them potential as gas storage, sensing,
and separation media in clean energy applications, notably for
hydrogen and methane gas storage.*” The viability of MOFs for
adsorption and diffusion, also make them applicable in
membranes, thin-film devices, catalysis, and biomedical
imaging. The ultra-high surface area, high porosity, and diverse
functionalities of MOFs make them highly efficient at removing
contaminants such as PTEs from water. In addition to having
adsorption applications, MOFs, which contain metal ions with
fluorescence and luminescence properties, can be used as
tracers to detect metal ions in water.®>*

One reason that MOFs are promising materials for adsorp-
tive removal and separation of contaminants is their multiple
pore sizes, which vary from micro to meso-range.** In contrast
to other porous materials such as activated carbon and zeolites,
a broad range of pore cavities and functionalities can be seen in
MOFs.* The diversity of pore size allows MOFs to accept
a broader range of compounds, which makes them applicable
in multiple research areas, including drug delivery,*” adsorp-
tion/storage,*”® catalysis,”® sensing and detection,”” and
luminescence.”

2.2 Modification of metal-organic frameworks

Metal-organic frameworks are further investigated for various
modifications to improve the adsorption capacity. Modifica-
tions can be introduced through inner and outer surfaces of
MOFs by solvent molecules, which can easily penetrate to the
interior channels of a MOF due to its high porosity.””* Table 2
shows different types of modifiers that can be introduced and
the contaminants that can be adsorbed after modification.

Modification of MOFs may be pre-synthetic or post-
synthetic. Pre-synthetic functionalization of MOFs may result
in the decomposition of functional groups at the high temper-
atures used during synthesis, while post-synthetic modification
does not have this disadvantage.*"*

2.2.1 Pre-synthetic modification. The adsorption perfor-
mance of an MOF is influenced by the properties of the metal
ion and the linker. Furthermore, the ligand structure can be
modified by introducing a target group that expands the range
of materials that can be adsorbed by the MOF.** Most common
functional groups such as -OH and -COOH, which are grafted
onto organic ligands, were studied in pre-synthetic modifica-
tion, and a variety of chemical groups have been introduced
through this process to produce MOFs with high adsorption
capacities.”®**

2.2.2 Post-synthetic modification. Post-synthetic modifica-
tion (PSM) is useful for specialized MOFs. This process
enhances the performance and structural stability of a MOF.
Hybridization and coating of pristine MOFs by incorporating
functional groups, such as -SH, -NH,, RR'"C=N-N=CRR/, and

This journal is © The Royal Society of Chemistry 2019
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Table 2 MOF modifiers and the contaminants that can be adsorbed after modification

MOFs Modifiers Contaminants adsorbed Reference
BUC-17 Graphene Anionic dyes 72
MIL-88(Fe) Graphene oxide Methylene blue; rhodamine 73

B

UiO-66 -NH, Doxycycline 74
MIL-101(Cr) -S0;Ag Todide 75

ZJU-24 -COOH Methylene blue 76
Ui0-66- -2COOH Cu(u) 77
Ui0-66 -OH Thorium ions 78
Ui0-66 NHC(S)NHMe Pb(u), Hg(u), Cd(u) 18
MIL-101 -SO;H Rocephin 79

MOF-5 Thiol Pb(u), Hg(u), Cd(u) 80

MOF-5 Fe;0, Pb(u), Cd(u) 18
HKUST-1 Na,S Hg(u 16
MIL-68 Na,S Pb(u), Hg(ur), Cd(u) 18
MIL-53-NH, Na,S Pb(u), Hg(u), Cd(u) 18

quinine functional groups, is carried out during PSM.'®
Coupling agents, metal joints, pore characteristics, and surface
environment can be used to adjust the structure of a MOF to
upgrade its structural stability and performance.*® The draw-
backs to post-synthetic modification are that it can be time-
consuming (1-5 days), and the production rate depends on
the pore diameter under standard conditions. Liquid phase
PSM (LP-PSM) and vapor phase PSM (VP-PSM) are the two
pathways that are commonly practiced for post-synthetic
modification. VP-PSM achieves a uniform distribution and
high yield within a short period and provides more flexibility in
applications.®® Hence, VP-PSM has received more attention than
LP-PSM.

2.3 Performances of MOFs against adsorption capacity

In general, adsorption capacity demonstrates the removal
potential of contaminants by the adsorbents. As a whole,
performance is generally assessed by the equilibrium (or
maximum) adsorption capacity. However, the initial loading of
the target pollutant (or, more specifically equilibrium concen-
tration or amount) influences the maximum adsorption
capacity. If sorbent is exposed to higher concentration of target
contaminants, it is supposed to exhibit higher adsorption
capacity. This particular weakness elucidates the incapability of
adsorption capacity for assessing the actual performance of
sorbents. Therefore, in order to compare the capacity of
different materials tested in various conditions, partition coef-
ficient (PC) has been proposed as a way to leverage the influ-
ences for a fair comparison of each material.***” In a solid-
liquid system, PC represents the ratio of adsorbate, sorbed in,
and on the adsorbent to its equilibrium concentration.®® Parti-
tion coefficient values were then obtained by dividing the
maximum adsorption capacity value by the equilibrium
concentration of the media (eqn (1)). Thus, it has been identi-
fied as the true performance of the adsorbent.*” The calculated
PC of each various adsorbents including, MOFs, in the removal
of emerging contaminants and PTEs, are tabulated in Tables 3
and 4. The PC data reveals that MOFs outperformed other

This journal is © The Royal Society of Chemistry 2019

adsorbents such as activated carbon, zeolites etc. supporting the
advantages of MOFs depending on the sorbate (Table 3).

Partition coefficient (PC) = % (1)
€
where ¢. and C. are known as the equilibrium adsorption
capacity and equilibrium concentration respectively.

3. Removal of inorganic
contaminants

It has been estimated that more than 20 000 MOFs have been
synthesized, characterized, and used in various applications
such as gas storage, energy generation, sensing, biomedical
imaging, chemical catalysis, luminescence, environmental
remediation, etc.”® In the case of adsorption, the fundamental
aspects of MOFs have been studied and reviewed in numerous
reports.****** Much of this existing research has focused on the
remediation of heavy metals ECs. However, the application of
MOFs in water treatment has been a growing area of research in
recent years. This review separately summarizes the capacity of
MOFs to remove inorganic PTEs based on the category of
contaminants. In this review, inorganic contaminants are
classified into three main categories - metalloids, cationic
contaminants and anionic trace elements which have funda-
mentally different removal mechanisms.

3.1 Removal of metalloids

The six elements, boron, silicon, germanium, arsenic, anti-
mony, and tellurium commonly recognized as metalloids.®” Not
many MOF studies have investigated the removal of metalloids,
but of those that have, arsenic has been a significant focus. The
limited studies available have focused on the simultaneous
removal of multivalent metalloids.

3.1.1 Arsenic removal. Arsenic (As) contamination in water
has become a severe problem, mainly in South and Southeast
Asia. In these countries, groundwater exhibits concentrations of
As nearly 100 times higher than the guideline-recommended by

RSC Adv., 2019, 9, 34359-34376 | 34363
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Table 3 Comparison of various adsorbents including MOFs (denoted in *) and their highest removal capacities for emerging contaminants®

Partition
Maximum removal Q. (mg  coefficient

Emerging contaminants Adsorbent gl (PC) References

Pharmaceuticals and Personal Care Products (PPCPs)

Diclofenac Activated carbon 76 0.76 34
Carbon nanotubes 33.88 1.32 36
Zeolite modified with cetylpyridinium chloride 50.77 125.64 37
(zcpC-30)
18% SO3H-UiO-66* 263 3.57 34
PCDM-1000* 320 6.48 33

Ciprofloxacin Activated carbon 231 12.2 38
Carbon nanotubes 135 5.6 38
NPC-700 derived from ZIF-8* 416.7 0.87 39

Triclosan Activated carbon 68 2.61 40
Graphene — 527.25 40
Ui0-66-NH-CO-COOH* 189 5.39 41
CDIL@AIPCP* 212 17.0 42

Industrial ECs

Dimethyl phthalate Single wall carbon nanotubes 2.17 0.82 43
a-Cyclodextrin 190 39.04 44
B-Cyclodextrin 206 0.01 45
MIL-53pp* 190 17.26 46
MIL-53 0% 206.2 21.26 46

Phenol Activated carbon 398 1773.5 47
Activated carbon fiber (ACF) 378 1.24 48
MIL-53(Cr)* 267 1.31 49
ZIF-67* 378 50

Nitrobenzene Faujasite 267 1.71 51
Nanocrystalline hydroxyapatite 8.9 0.45 52
CAU-1* 1171 1.28 53
MIL-68(Al)* 1188 1.46 53

Pesticides

Glyphosate Ni,Al LDH 172.4 2.61 54
UiO-67(Zr)* 537 9.58 55
Ui0-67(Zr)/GO* 482 711 56

2,4-Dichlorophenoxy-acetic  Activated carbon 286 2.16 57

acid Usy 256 1.02 57
MIL-53(Cr)* 556 5.28 57
Carbon derived from IL@ZIF-8* 448 3.46 58

Dyes

Methylene blue Activated carbon 26 0.12 59
MOF-235%* 187 0.98 59
HKUST/GO* 183.49 36.69 60

Methyl orange Activated carbon 11.2 0.03 59
MOF-235* 477 2.83 59
EDMIL-101(Cr)* 160 0.79 61

¢ *Different types of MOFs.

the World Health Organization (WHO).”* The presence of As in
water can be harmful to human health and the environment.
Arsenate [As(v)] and arsenite [As(u1)] can both be detected in the
environment. As(v) is the thermodynamically stable state, and is
found in surface water, while As(i) is found in groundwater.**

Since As(v) is the thermodynamically stable and predomi-
nant form of arsenic in surface water, MOFs have been
synthesized with As(v) adsorption capabilities. The MOF, Fe-
BTC, contains iron as the metal node and 1,3,5-benzene
tricarboxylic acid as the organic linker. Its adsorption

34364 | RSC Aadv., 2019, 9, 34359-34376

performance has been analyzed under different pH conditions
using NaOH and HCI. Fe-BTC has an As(v) removal efficiency
higher than 96% for an initial concentration of As(v) 5 mg L™ " at
pH of 4. This MOF is 37 times more effective than Fe,O;
nanoparticles for As(v) removal and demonstrates a PC value of
0.17 L g~ '. Adsorption of arsenic into the MOF was confirmed
using transmission electron microscopy (TEM) and FTIR to
show an IR band at 824 em™" and interior sites that corre-
sponded to Fe-O-As groups.®*

This journal is © The Royal Society of Chemistry 2019
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Table 4 MOF adsorption capacities, adsorption equilibrium time, and optimal pH for common metal ions

Adsorption capacity

Partition coefficient Adsorption equilibrium Optimal

Metal MOF (mg g7") unless otherwise indicated (PC) (L g™ time (min) pH Reference
Hg MOF-74-Zn 63 1.32 90 6 119
LMOF-263 380 — 30 4-10 120
MIL-101-Thymine 52 0.26 200 6 121
UiO-66-NHNHC(S)NHMe 769 137.88 5-240 — 115
Pb MOF-5 290 7.0 360 5 122
Ln(BTC)(H,0)(DMF) ; Ln = Dy 5.07 1.45 5-240 — 123
MIL-53(Al) 492.4 0.65 120 — 124
UiO-66-NHC(S)NHMe 233 4.92 240 — 115
HKUST-1-MW@H;PW;,0,, 98.18 26.97 120 7 125
Cd  Cuy(BTC),-SO;H 88.7 0.89 10 6 126
UiO-66-NCH(S)NHMe 49 0.28 240 — 115
TMU-16-NH, 126.6 17.34 30 6 127
HS-mSi@MOF-5 98 2.62 4 7 115
Cr T™U-30 145 Cr(v1) 2.05 8 2-9 128
Cu-BTC 48 Cr(v) 0.98 — 7 129
ZJU-101 245 Cr(vi) 0.88 15 — 130
Ui0-66-NHC(S)NHMe 118 Cr(m) 0.88 5-240 — 115
Cu  Ln(BTC)(H,0)(DMF),; Ln = Dy 3.87 2.16 20 3.5 123
ZIF-8 800 1912.05 30 4 131
Ui0-66(Zr)-2COOH 11 183.33 60 6 132
MOF-5 290 649 180 5.2 133

Zeolitic imidazolate framework-8 (ZIF-8) for arsenic uptake,
has achieved an adsorption capacity of 49.5 mg g~ ' of As(v) and
60 mg g~ of As(m) at neutral pH signifying high removal
potential is for As(m). Obviously, As(u) achieves the highest
adsorption capacity compared to As(v) due to the high loading
concentration of As(m) relative to As(v). Although the same
amount of As(m) and As(v) were used for the study, it does not
depict the same concentration. Therefore, As(ur) depicts a lower
PC value of 0.85 L g ', while As(v) exhibits 1.88 L g~ value of
PC, which specifies that the ZIF-8 shows more than twice higher
performance for As(m) than that of the As(v). This comparison
itself elucidates the demerit of the adsorption capacity to
compare the actual performance of sorbents, specially in the
case of studies uses pseudo units such as parts per million or
billion etc. Arsenic was adsorbed on to the framework material
surface as the arsenate and arsenite ions were more substantial
than the ZIF-8 pore spaces. ZIF-8 has different morphologies,
however it was found that the surface area does not correlate
with the adsorption capacity of the MOF. The replacement of
surface hydroxyl groups in Zn-OH of ZIF-8 with arsenic ions is
the adsorption mechanism, which was confirmed by FT-IR and
X-ray Photoelectron Spectroscopy (XPS).'®

MOF-808, which is synthesized by microwave irradiation,
was also used to remove As(v) in aqueous media. Rapid
adsorption occurred with a removal efficiency of 95% for As(v)
was observed within the first 30 min at pH four where the initial
As(v) was 5 mg L™ '. Weak van der Waal interactions of arsenate
and the surface sites of the Zr metal nodes in MOF-808 has been
suggested as the adsorption mechanism.”® The arsenic uptake
by MOF was independent of other anions in the aqueous media
than phosphate as expected.” The MOF UiO-66 showed
a promising arsenic adsorption capacity at a wide pH range,
from pH 1-10. However, details of C. or g. were not reported in
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order to calculate the PC for MOF-808 and UiO-66, and there-
fore, PC values were not elucidated. The coordination between
hydroxyl groups of the metal node and/or the substitution of
1,4-benzenedicarboxylic acid ligands®” is suggested as the
sorption mechanism which was confirmed by PXRD and FT-IR.
UiO-66-(SH),, a thiolated derivative of UiO-66 shows a dual
capture mechanism for As(m) and As(v). Arsenate species
interacted with the MOF node while thiolated ligands were
bound to arsenite species. The uptake of arsenite and arsenate
from UiO-66-(SH), after 6 h was 10 and 40 mg g ', respec-
tively.®”*® However, no information was given regarding the
possibility of forming thiolated arsenic species during the
study, which is a cytotoxic to biological systems.

MIL-53(Fe) is another type of MOF that has a variable
adsorption capacity for As(v) as the ion in the metal node
changes. Lewis acid-base interactions of anionic H,AsO,  and
the metal ion of MIL-53 resulted in an adsorption capacity of
21 mg g~ " with a PC value of 1.06 L g~ ".*® MIL-53(Al), which is
very similar to MOF-53(Fe), with a different ion at the node
where its maximum adsorption capacity was reported as 106 mg
¢! for As(v) in the form of HASO,>~ at a pH of 8. The adsorption
mechanism of MOF-53(Al) was confirmed with FT-IR and XPS
data. MOF-53(Al) was found to be very effective in removal of
arsenic in the presence of other anions, except PO, which
reduced the capacity of adsorption to 14% of its original
value.’*'® Chemically stable indium-MOF, AUBM-1 reported
a maximum adsorption capacity of 103 mg g~ * for As(v), which
is about 5 times higher than that of the MIL-53(Fe) however,
more similar PC value of 1 L g~ was exhibited for both.
Zirconium based MOF, NU-1000 depicts a significantly high
adsorption capacity of 260 mg g~ * for the removal of As(v), and
respective PC value is 21.7 L g~ '. However, studies are limited
on adsorption of As(m) and As(v) by MOFs, and the data
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provided are insufficient for evaluating performance. Therefore,
thorough studies on adsorption of As by MOFs are essential to
be conducted. Among the reported details ZIF-8 demonstrated
the best performance for As removal and specifically for As(v).
Mostly, the studies on arsenic adsorption by MOFs indicate ion
exchange as the prominent mechanism.'”* Data on reduction of
As(v) to As(m) during adsorption and thermodynamics are
lacking. Furthermore, no studies reported the removal of
methyl arsenic species by MOFs to the knowledge of the
authors.

3.1.2 Antimony removal. Antimony is a metalloid, which is
widely used in industry, in flame-retardants, ceramics, alloys,
glass, and bullets.'® Therefore, its potential release to the
environment in ground and surface waters has become
a growing concern in the world. Because continuous exposure to
antimony can cause adverse effects on human health, the
allowable antimony level in drinking water is set to be 6 pg L™"
by the United States Environmental Protection Agency
(USEPA).'*

The most commonly occurring oxidation states of antimony
are antimonite and antimonate. Under oxic conditions, Sb(v) is
the dominant species that can be found in water above pH 3.'**
The MOF, NU-1000, has been used for the removal of Sb(v) from
water, due to the thermal, mechanical, and chemical stability it
shows, in the pH range of 1-11 and its Zr-OH assemblies on
Zrs  nodes, which may be substituted by negatively charged
ions.'*>1%¢ NU-1000 is an effective Zr-based MOF, which exhibits
the highest removal capacity of 260 mg g~ *, within 30-48 h. NU-
1000 is stable under various aqueous conditions, and its
binding mechanism for antimony is revealed by differential pair
distribution function analysis.'”” NU-1000 shows the highest
efficiency for removal of antimony at 136.97 and 287.88 mg g "
for antimonite and antimonate, respectively.'® NU-1000 MOF
demonstrates a better performance for Sb(v) with a PC value of
0.82 L g~ '; therefore, NU-1000 is more suitable for the removal
of Sb(v), due to the low performance (0.32 L g~ ') with Sb(m). At
a solution of co-existing with As(u), Sb(ur) indicated a higher
sorption than As(m) due to stronger Lewis base property and vice
versa for Sb(v), where As(v) demonstrate high attraction to NU-
1000.

Zr-based MOFs have gained attention in recent research due
to their excellent thermal and chemical stability. These prop-
erties, have led researchers to introduce amino groups to
enhance the adsorption performance of Zr-based MOFs, such as
Ui0-66." The modified MOF, UiO-66(NH,), has shown a high
interaction force between Sb and the amino group, which
makes it very efficient at adsorbing Sb(mr) and Sb(v). UiO-66 has
a moderate removal efficiency of 23 mg g~ for antimonite and
31 mg g ' for antimonate, while UiO-66(NH,) has a higher
efficiency of 37.5 mg g~ ' for antimonite and 39 mg g~ ' for
antimonate.'*"** Both UiO-66 and UiO-66(NH,) MOFs depict an
increment of the performance with the increasing temperature.
In the removal of Sb(m), UiO-66 exhibits a PC value of 0.12 L g,
while UiO-66(NH,) shows a PC value of 0.2 L g~'. Therefore,
modified MOF is more suitable in the removal of Sb(m) over
basic form. However, both basic and modified (0.37 and 0.3 L
g~ ') MOFs demonstrate similar PC values in the adsorption of
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Sb(v). Among the different MOFs used in antimony removal,
NU-1000 has shown the best performance based on the calcu-
lated PC value. Both NU-1000 and UiO-66(NH,) illustrated high
performance in removing antimony, with replaceable adsorp-
tion sites in their Zrs nodes suggested as the reason for the
speed and efficiency of removal.'®

3.1.3 Selenium removal. Adsorptive removal of selenite and
selenate have been studied using different Zr-based MOFs'"*
and found to be similar to the removal of antimony. Node-based
removal of both anions was observed to be rapid and effective
for NU-1000, with a removal capacity of 95 mg g~ * for selenite
and 85 mg g ' for selenate. Removal of PTEs at low concen-
trations has always been a problem in water treatment, espe-
cially for metalloids like arsenic; however, only a few studies
have focused on such. Howarth et al.*** investigated the removal
of selenium at initial concentrations as low as 1000 ng LY,
which was reduced to 20 ug L~ " of selenium in 3 h using a MOF.
Both selenate and selenite have shown similar removal effi-
ciencies, whether they are present at high or low concentrations
in aqueous media. Nevertheless, MOF NU-1000 demonstrates
higher performance (2.03 L g ') for selenite, compared to
selenate (1.8 L g~ '). Selenate and selenite form bridges to the
MOF with one dianion connected to two zirconium metal
centers via a coordination bond at node."™™ Although a large
number of metal nodes and organic linkers have been used to
construct various MOFs, not many water-stable MOFs have been
investigated for the adsorption of selenium. In addition to Zr-
based MOFs, Fe-based MOFs, with Fe nodes bearing terminal
hydroxyl and water groups that are substitutionally labile may
also be of interest for selenium removal. However, the
molecular-level mechanisms of these interactions need further
investigation."> It was observed that the NU-1000 had been
examined for all three metalloids, As, Sb, and Se reporting
comparatively high performances for As and Se.

3.2 Removal of cationic trace elements

3.2.1 Mercury removal. Mercury (Hg) is a highly toxic metal
cation even at minute concentrations. It can occur in drinking
water, and the WHO-recommended concentration limit in
drinking water is 1 pg L™'. Hg bioaccumulates and is intro-
duced to humans through food chain contamination. Mercury
exposure or poisoning mainly affects the central nervous system
of the victim. Other biological effects of Hg include heart
disease, cardiovascular disease, and many more. Various types
of modified MOFs have been used to remove toxic Hg cations."®

Thiol-HKUST-1, a MOF that is synthesized solvothermally
and modified post-synthetically, exhibited essentially 100%
adsorption, removing 714.01 mg g * while the initial concen-
tration of Hg(n) is 415.5 mg g !, within the first 120 min of
contact with the contaminated media.'”® The same basic
framework was magnetically modified to Fe;O0,@-SiO,@-
HKUST-1 using a Fe-containing metal cluster. The maximum
Hg(u) uptake reached 264 mg g~ from a preliminary concen-
tration of 20 mg L™" of Hg at an optimal pH of 3. However,
Thiol-HKUST-1 and Fe;0,@-SiO,@HKUST-1  exhibited
comparatively low PC values of 0.5 and 1.29 L g~ ' respectively.
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Magnetic modification has noticeably enhanced the perfor-
mance of the raw MOF by 44%. In comparison, post-synthetic
modification of thiol in the HKUST-1 MOF removes Hg(u)
more efficiently than the magnetic modification, but the
magnetically modified framework can be regenerated more
quickly than the Thiol-HKUST-1. The magnetically-modified
HKUST-1 also demonstrated selectivity to Hg(u) in the pres-
ence of other metal ions, such as Pb(u) and Cr(u)."**

Saleem et al.™ post-synthetically modified the base UiO-66-
NH, to UiO-66-NHC(S)NHMe MOF by covalent modification.
This modified framework exhibited a Hg(u1) adsorption capacity
of 99% after 240 min from a 100 mg L' initial concentration.
Zr-DMBD is another type of Zr-based MOF that exhibits 100%
Hg(u) uptake over 12 h from a solution with an initial concen-
tration of 10 mg L ' of Hg(u) to a final concentration
0.01 mg L "¢ Modified MOF UiO-66-NHC(S)NHMe has
exhibited an enhanced performance of 137.89 L g ' in
adsorption of Hg(u). However, data reported lacks to calculate
PC values for Zr-DMBD, FJI-H12, and [Ni(3-bpd),(NCS),],, MOFs.
FJI-H12 is a sulfur-modified, novel MOF that was developed by
Liang et al.'” and consists of free NCS™ groups. The highest
removal capacity of FJI-H12 was observed to be 400 mg g™ in
the first hour at an optimal pH of 7. There was no noticeable
change in the adsorption capacity with incremental changes to
pH in the range from 3 to 6. FJI-H12 recovered 86% of its
adsorbent capacity when immersed in a KSCN solution for
24 h.*v”

The solvothermally-synthesized Zn(hip)(L)(DMF)(H,0) MOF
has exhibited a removal capacity of 333 mg g ' in 1 h. The
highest mercury removal capacity was observed at a pH of 5, and
this framework performed very well at very low Hg(u) concen-
trations, such as 5, 10, and 20 pug L™". Adsorption of Hg(u) is
indicated by a color change from green to gray with the MOF
[Ni(3-bpd),(NCS),],, proposed by Halder et al.**® This MOF is
also highly selective for Hg than other ions in solution, such as
Pb**, Cd**, and As®*. A 94% removal of Hg(u) from a solution at
a concentration of 10 pg L~ " was observed within 2 h.'*®

Considering the high toxicity of Hg, many studies have been
conducted to test the performance of various adsorbents for
their capacity to remove Hg(u) ions from water. Table 4
summarizes the results of investigations into other types of
MOFs, such as MOF-74-Zn,""® LMOF-263,"*° and MIL-101-
Thymine** for their Hg(u) removal potential. Although MOF-74-
Zn and MIL-101-Thymine exhibited approximately similar
adsorption capacities, the PC value of MOF-74-Zn was
comparatively high (1.32 L g~ ') whereas the calculated PC value
for MIL-101-Thymine was less as 0.26 L g " (Table 4). This
indicates that MOF-74-Zn has a high capacity of removing Hg
independent of the initial conditions.

3.2.2 Lead and cadmium removal. Lead(u) [Pb(u)] is a metal
ion that acts as an adverse neurotoxin. It can be found in
natural water bodies and soil, mainly due to anthropogenic
activities. It bioaccumulates in food chains and becomes highly
toxic to higher-order consumers in the food chain.*** Exposure
to high concentrations of cadmium (Cd) can damage internal
organs, such as the kidneys and liver. Contamination of water
sources with toxic metal ions, such as Pb and Cd, can cause
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adverse effects on aquatic life as well as human beings. There-
fore removal of these metals from water sources is critical to
ensuring safe drinking water and food supplies.

A group of magnetic framework composites was prepared by
Ricco et al.** for the removal of Pb(u), based on a combination
of iron oxide nanoparticles and the MIL-53 MOF. Loading the
MIL-53(Al@100aBDC) MOF with 50% amino groups led to
a significant increase in Pb(u) uptake, with a maximum recor-
ded Pb(u) uptake capacity of 492 mg ¢~ within 6 h.'>* Even
though MIL-53 MOF depicts high adsorption capacity, a low-
performance value of 0.64 L g, has been exhibited. MnO,-
MOF, an extremely effective Pb(n) adsorbent in aqueous media,
exhibited an uptake capacity of 917 mg g~ within 1 h. Due to
proton release during the adsorption process, the pH of the
solution was reduced to 5."*¢ At the same time, MnO,-MOF has
shown promising removal potential for Cd(u) as well.

Zhang et al.™® introduced HS-mSi@MOF-5, a silica-coated,
thiolated MOF-5 derivative, which exhibited a Pb(u) adsorp-
tion capacity of 312 mg g~ ' within 30 min at an optimal pH of
6."*” In contrast, MOF-5 showed relatively high removal capac-
ities at pH 4 and 6 with a low value at pH 5. It has been sug-
gested that the performance differences with pH variation are
due to the presence of both acid and base active sites in the
MOF structure. The unmodified version, MOF-5, exhibited
a maximum adsorption capacity of 211 mg g~ * for Pb() ions.'??
However, both MOFs exhibited considerably high performances
of 7.03 and 7.63 L g~ * in the removal of Pb(1), respectively. Since
both acid and base active sites are present in MOF-5 structure, it
is unclear why the uptake of Pb(u) is reduced only at pH 5
compared to pH 4 and 6. For Cd(u) adsorption, HS-mSi@MOF-5
demonstrated a similar equilibrium time (30 min) as for Pb(u)
adsorption; however, its adsorption capacity was much less for
Cd(u) (98 mg g~ than for Pb(u).*¥” In contrast to adsorption
behavior of Pb(u), MOF-5 exhibited a lower Cd(u) adsorption
capacity (3.6 mg g~ ) with a relatively less PC value of 0.01 L g™,
while modified MOF depicts a comparatively high PC value of
(2.62 L g ') in the removal of Cd(m).***%”

The MOF, TMU-5 exhibited a similar equilibrium time and
optimal pH for both Pb(n) and Cd(u) adsorption, with a removal
capacity of 251 mg g~ " for Pb(n) and 43 mg g " for Cd(u).**®
HKUST-1 MW@H3;PW,,0,,, which is derived from the MOF
HKUST-1, had a maximum Pb(u) uptake capacity of 98 mg g~
within 10 min. Its Cd(n) adsorption capacity was 32 mg g '
within 80 min, through the chemisorption mechanism.*** The
Cu-terephthalate MOF had an uptake capacity of 80 mg g~ for
Pb() and 90 mg g~ for Cd(u) within 120 min at an optimal pH
of 7 with PC values of 2.28 and 2.51 L g~ ' respectively.'*
Interestingly, the Cu-terephthalate MOF has been compared
with graphene oxide and mordenite zeolite to treat high
concentrations of Mn, Cu, Zn, Fe, Cd, and Pb in acid drainage
from mines, and the Cu-terephthalate MOF exhibited the
highest removal capacity.’*® Many different types of MOFs, such
as AMOF-1,"** 3D Co(n) MOF,"! and UiO-66-NHC(S)NHMe,'**
have been introduced to remove both Pb(ir) and Cd(u) ions from
aqueous media. Both PCN-100 (ref. 142) and Dy(BTC)(H,-
O)(DMF), ; (ref. 123) have shown promising results for Cd(u)
removal.
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Research has shown that media pH, equilibrium time, and
media temperature govern both Pb(u) and Cd(u) adsorption by
MOFs. Therefore, a comparison of performance (PC values) can
be carried out for the adsorption of both Pb(u) and Cd(u) ions.
Thiolated MOF-5 derivative (HS-mSi@MOF-5), depicted a PC
value of 7.36 L g~ ' in the adsorption of Pb(u), while 2.62 L g~*
for Cd(u). With PC values, it can be clearly understand that
thiolated MOF-5 is more suitable for the adsorption of Pb(u)
over Cd(um). The Cu-terephthalate MOF demonstrated more
similar PC values 2.28 L g~ " and 2.51 L g~ for both Pb(u) and
Cd(m), respectively. Therefore, it is more suitable to adsorb both
metal ions successfully. Significantly high performance for the
adsorption of Pb(u) is exhibited by the MOF HKUST-1-
MW@H;PW,,0,,. A partition coefficient value of 26.97 L g~*
was observed, while 0.24 L g~ for the adsorption of Cd(m).
Another modified MOF, UiO-66-NHC(S)NHMe depicted high
performance in the adsorption of Pb(u) (4.92 L g~ ') prior to
Cd(n) (0.28 L g~ ). Among the MOF types, which have the data to
calculate PC values, only Cu-terephthalate MOF is identified as
a material which performs well in adsorption of both Pb(i) and
Cd(u) ions. However, from the obtained PC values, it can clearly
understand that most of the MOFs exhibit a better performance
to a specific metal ion, therefore, MOFs are highly selective. In
the case of Dy(BTC)(H,0)(DMF), 4, it has been used in removing
Cd(n) with a performance of 2.16 L g ' and noticed as
a successful material among the MOFs discussed in this review.

3.3 Removal of anionic trace elements

3.3.1 Removal of chromium. Chromium (Cr) is an indus-
trially important element. Therefore, a large amount of Cr has
been discharged into the environment over time. The hex-
avalent form, Cr(vi), and trivalent form, Cr(i), of Cr are abun-
dant as contaminants. Cr(vi) is highly toxic, carcinogenic, and
mutagenic and can cause severe threats to biological species.'*
Leather tanning and dyes and pigment production are the
primary industries that release Cr(vi) ions to the environment.

Hexavalent Cr removal has been examined by a magnetic
MOF, Fe;0,@MIL-100Fe, which is recorded a maximum
adsorption capacity of 18 mg g~ ' within 2 h at an optimal pH of
2, and a PC value of 0.18 L g '.'* Moreover, azine-
functionalized TMU-5 exhibited a maximum uptake capacity
of 123 mg g~ and stopped adsorbing at a pH of 10.** TMU-30,
exhibited an effective removal capacity of 145 mg g ' within
10 min and comparatively good performance of 2.05 L g~ ' to
magnetized MOF, Fe;0,@MIL-100Fe."**

Chitosan-MOF(UiO-66) composite, a modified version of
UiO-66, showed a high adsorption capacity of 94 mg g~' for
Cr(vi) due to the strong electrostatic attraction between high
oxidation state metal ions/oxygen atoms or -NH, groups and
linkers, with an extremely high PC value, 50 L g~".*** Another
UiO-66 based amino-functionalized MOF, MOR-1-HA, was
produced by Rapti et al. with a maximum adsorption capacity of
280 mg g " and a PC value of 0.31 L g~ '.**¢ However, between
two modified versions of UiO-66 MOF, chitosan-MOF
composite demonstrates the best adsorption performance
compared to MOR-1-HA.
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The Zr-based ZJU-101 MOF showed a maximum uptake
capacity of 245 mg g~ ' within 10 min for a solution of Cr,0,>at
an initial concentration of 50 mg L™". The modified ZJU-101
MOF exhibited 324 times higher adsorption capacity than its
precursor, MOF-867. It also showed excellent adsorption selec-
tivity for Cr,0,>".**° In addition to these MOFs, UiO-66-NHC(S)
NHMe,"*® ZIF-67,'"” and Cu-BTC"° have also shown compara-
tively high adsorption capacities for Cr(vi) from aqueous solu-
tions. Moreover, both ZJU-101 and UiO-66-NHC(S)NHMe MOFs
depicted similar PC values, which is 0.88 L g~". Framework ZIF-
67 demonstrated an adsorption performance of 1.05 L g .

3.3.2 Removal of fluoride. Fluoride is a ubiquitous
contaminant in water sources and is a mounting global public
health challenge."® Long-term consumption of water with
fluoride levels greater than 1.5 mg L™ may cause dental and
skeletal fluorosis.**® For these reasons, the removal of fluoride
from water sources is quite essential.

A study of two new lanthanide-based MOFs, [Ce(L1)o5(-
NO;)(H,0),]:2DMF  and  Eus(L,),(OH)(DMF)g 5,(H,0)s 75,
showed that [Ce(L1),5(NO;)(H,0),]-2DMF displayed a much
higher adsorption capacity (103.95 mg g~ ') and faster uptake
rate (1.79 g mg ™' min ) for fluoride than that of its counterpart
(57.01 mg g~ ')."* With the increase in the temperature, inter-
estingly, MOF demonstrates a reduction in the performance for
fluoride. [Ce(L1)y.5(NO3)(H,0),]-2DMF exhibited PC value of
0.81 L g~ " at the temperatures of 318 K and 0.45 L g~ " at 298 K.
Compared to  [Ce(L1)y5(NO;3)(H,0),]-2DMF,  Eus(L,),(-
OH)(DMF), »,(H,0)5.75 depicted a high performance with PC
values of 0.26 and 0.17 L g~ " at 318 and 298 K respectively. The
MOF MIL-96(Al) has been used in defluoridation, which
exhibited a maximum adsorption capacity of 31.69 mg g~ *. MIL-
96(Al) depicted PC values of 0.95, 1.12, and 1.88 L g ' at the
temperatures of 298, 308, and 318 K, respectively. However, with
the increment of the temperature, high performance in
adsorption of fluoride is demonstrated.”* Framework UiO-66-
NH, exhibited maximum adsorption capacities of 60, 53, and
42 mg g~ " at 293, 313, and 333 K, respectively. Performance data
of MIL-96(Al) and UiO-66-NH, frameworks also resulted an
increasing trend with the increasing temperature.” Over 80%
removal of fluoride (32.13 mg g~ ') was achieved by MOF-801,
a fumarate-based MOF, within 5 min at room temperature
with an adsorption performance of 0.24 L g '. The maximum
fluoride uptake capacity for this nontoxic calcium fumarate
(CaFu) MOF was calculated to be as high as 166.11 mg g~ " at 373
K. MOF-801 has an adsorption efficiency of 40 mg g™ at 303
K. This adsorption efficiency remained high and stable in a pH
range from 2-10, and was not affected by high ion concentra-
tion or the presence of other anions, including C1~, NO; ", and
SO,>". The adsorption performance was recorded as similar to
the increasing temperature. At 293 K MOF-801 exhibited a PC
value of 0.4 L g, while 0.45 L, g~* at 323 K. Mechanism for
effective defluoridation by MOF-801 has been suggested to be
chemisorption with an exchange of fluoride ions and hydroxyl
groups within MOF-801.*%>

A novel dual ZrLa hydroxide anchored bio-sorbent (ZrLa/PP
composites) was studied for fluoride adsorption at tempera-
tures of 20, 30, and 40 °C. The adsorption capacity of ZrLa/PP
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composites at these temperatures was calculated to be 27.0,
32.5, and 37.2 mg g ', respectively.’® At pH 3, ZrLa/PP
composites showed 0.7 L g~ " of performance value. The ZrLa/
PP composites exhibited promising chemical stability, and
even after five cycles of column adsorption-desorption, greater
than 90% capacity was retained for the adsorbent, indicating
a high potential for practical use in water treatment.**

The ZIF-8 and Uio-66 MOFs, with high surface areas (1050 m*
g ' and 800 m* g ! respectively), high total pore volume (0.57
em® g7, 0.45 cm® g~ ! respectively), and average pore diameter
(4.5 nm, 3.2 nm respectively) exhibited maximum adsorption
capacities of 25 mg g~ ' and 20 mg g, respectively for fluoride
removal.”** Another novel MOF, Ce-1,1’-biphenyl-4,4’-dicarbox-
ylic acid (Ce-bpdc), demonstrated a maximum adsorption
capacity of 45.5 mg g * for fluoride at 298 K and a pH of 7. This
represented a PC value of 1.54 L g and a removal efficiency
greater than 80%."® Furthermore, Ce-bpdc removed fluoride
from groundwater samples taken from Yuefang, Jiangji, and
Sanyi in China with a removal efficiency of 78, 64, and 50%,
respectively, indicating the potential of Ce-bpdc to be an effec-
tive adsorbent for this purpose.

The potential of aluminum fumarate (AlFu) MOF, with
a surface area of 1156 m? g~ and average pore size of 17 A, was
also investigated for the removal of fluoride from groundwater.
The results indicated that the AlFu MOF was thermally stable up
to 700 °C, with a maximum adsorption capacity for fluoride of
600, 550, 504, and 431 mg g~ ', respectively, at 293, 303, 313, and
333 K.*** At 293 and 313 K aluminum fumarate (AlFu), MOF
demonstrates PC values of 0.61 and 0.47 L g~ ', respectively. The
adsorption mechanism was suggested to be substitution of
fluoride ions for the hydroxyl ions in the AIFu MOF.** Similar to
the exothermic process in physisorption, a reduction in
performance can be clearly observed in most MOFs with the
increasing temperature.

3.4 Adsorptive removal of other ions by metal-organic
frameworks

3.4.1 Removal of phosphorous. Since phosphorus is the
building block for the nucleic acids and proteins, it is consid-
ered as an essential element for all organisms. However exces-
sive phosphorus renders in surface water causes eutrophication
thus removal from aqueous media received focus of environ-
mental scientists. Recently, a excellent phosphate scavenger
was designed deriving from La-MOF with a hierarchical struc-
ture of microsphere-nanorod-nanoparticle showed a much
higher adsorption capacity of over 170 mg P g~ ". High perfor-
mance of 4.03 L g has exhibited by the La-MOF.*>” Zeolitic
imidazolate framework 67 (ZIF-67) was developed as a water-
stable member of MOFs and observed as an efficient material
in phosphate removal.”*® Model optimization reported the
highest removal of PO, which is 99.2% with ZIF-67 dose of
832.4 mg L', at pH 6.82 and mixing time of 39.95 min.
Monolayer maximum phosphate adsorption was observed as
92.43 mg g ' where the thermodynamic parameters demon-
strate the spontaneous, endothermic and physisorption nature
of the process.”*® Modified MOFs were then used in phosphate
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adsorption provided enhanced removal capacity as expected.
Polyethyleneimine impregnated MOF UiO-66 of 9.45% PEI
loadings resulted a maximum removal capacity of 73.15 mg P
g ' at room temperature, and the removal was successful over
a wide pH range from 2-7 with reaching the equilibrium in
50 min."” The study further indicated high regeneration effi-
ciency of polyethyleneimine impregnated MOF UiO-66 toward
phosphate which is more than six cyclic runs.

The ZrO, nanoparticles functionalized MIL-101, which is
denoted as MIL-101@Zr(DS), provided a medium removal
potential for PO,*>" as 21.28 mg P g ' with an adsorption
performance of 0.23 L g~ *.2* Molecular-level dispersion of ZrO,
nanoparticles improved the removal efficiency of phosphate;
however, the presence of humic acid has drastically reduced the
PO,*~ adsorption capacity to 2-10 times depending on the
varying nanoparticle dispersion in the MOF.'* Solvothermally
developed Zr based MOF UiO-66 demonstrates 415 mg g ' of
phosphate uptake capacity, which was significantly more
extensive than that of the other Zr-based adsorbents that may
possibly be attributed to the strong affinity of PO,*~ to Zr-OH
groups. Amine substituted UiO-66-NH, was compared with Zr
based UiO-66 for PO,*>" indicated a higher affinity to UiO-66-
NH, via amine-PO,*>" interaction and the removal capacity
doubled at the increment of temperature by two folds.'*
Interestingly, once Zr based UiO-66 and UiO-66-NH, were
examined for the removal of PO,*>~ in urine, diluted PO,*~ in
urine (C, of 14 mg L"), both MOFs exhibited 100% removal
within 10 min, however, at C, of 500 mg L™ kinetics were slow
however, adsorption capacity remained high 206 and 264 mg
g~ " respectively.’® Interestingly, basic MOF UiO-66 depicted 1.6
and 3.6 L g~ " PC values at 293 and 333 K while UiO-66-NH,
MOFs exhibited 1.9 and 4.3 L g ' at the same temperatures
indicating a performance increase with increase in temperature
describing chemisorption. However, MOFs for phosphorous
adsorption demonstrate an increment in the PC values with the
increasing temperature, as same as in a general way. Fe-based
MOFs, MIL-101, and NH,-MIL-101 demonstrated a quick
reduction of phosphates from the initial 0.60 mg L' to 0.045
and 0.032 mg L7, respectively, in 30 min of exposure with high
selectivity over other anions. Adsorption performance of 2.32 L
g~ is observed for Fe-based MOF.'** Similar iron modified MIL-
100(Fe) offered a high removal capacity of 93.6 mg g~ for PO,*~
with an extremely high performance of 52.12 L g~ " suggested
that the electrostatic attractions between positively charged
metal sites of MIL-100(Fe) and PO,*>" to be the primary factor
governing the PO,>~ removal from aqueous media.'*®

3.4.2 Removal of radioactive metal ions. Metal-organic
frameworks further considered as a highly promising adsorbent
materials for radioactive metal ions. Various research publica-
tions report potential applications of MOFs for remediating
nuclear waste-related metal ions from wastewaters. However,
compared to PTEs, focus on radioactive metal ion removal using
MOFs is limited, although uranium U(vi) received the majority
of the interest. A large number of MOFs have been examined for
U(vi) adsorption and summarized in a recent review indicated
that most MOFs which have been used in U(vi) removal
exhibited high removal capacities varying from 100-780 mg
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g .1 Binding mechanisms for U(vi) removal are mainly
through ion exchange, whereas coordination with carboxylic
and amines, hydrogen bonding, chemisorption, and electro-
static interactions. Pristine (e.g. MOF-2, 217 mg g '), modified
(e.. MOF-74, 300 mg g~ ') and composite (e.g. GO-COOH/UiO-
66, 188.3 mg g~ ') MOFs have been used to study the adsorp-
tion of U(wi).'®™ HKUST-1 provided the largest adsorption
capacity for the uranium removal which was resulted in 787 mg
g~ " in 60 min at pH 6 with a PC value of 2.6 L g~ '. Maximum
adsorption capacities of ReO,, Th**, and Eu®" were recorded
for SCU-100, UiO-66-(COOH),, and HKUST-1@H;PW;,0,, as
540, 350, 14.6, and 350 mg g~ ' respectively.'**

According to the available data, SCU-100 MOF for ReO,
adsorption depicts a PC value of 1.82 L g~'. Single crystal
analysis has confirmed that adsorbed ReO,  ions have trapped
in the void spaces and framework SCU-100 demonstrates an
excellent selectivity for ReO,  due to the formation of Ag—O-Re
bonds.* Both primary and modified frameworks have been
tested for adsorption of Th**, and the best performance of 2.7 L
g ' is exhibited by the modified MOF, UiO-66-(COOH),. Other
MOF types such as UiO-66-COOH, and UiO-66 demonstrate PC
values of 0.9 and 0.08 L g~ . The vital role of carboxyl groups is
observed with Th*" ion adsorption performance values of the
three framework materials. Binding effects of carboxyl groups
and electrostatic interactions enhance the adsorption kinetics.
Coordination reaction between carboxyl groups and Th*" ions
has identified as the probable adsorption mechanism, which
was then confirmed by FTIR and EXAFS analysis.'*® Sulfate/
sulfonic acid functionalized MOFs labeled as MOF-808-SO,
and MIL-101-SO;H(Cr) removed >90% radioactive barium (Ba>")
in five minutes and then reached 99% with a maximum removal
capacity of 131.1 mg g~ '.*” Some radioactive metal ions such as
Am(ur), Np(wv), and Pu(wv) have not been studied for adsorption
by MOFs whereas even the studied conducted already are not in
detail as an example, no information exists about the extent of
damage to the frameworks of most MOFs by radiation.

4. Mechanisms for the removal of
potentially toxic elements

Adsorption of PTEs onto MOFs, modified or unmodified, occurs
due to their high surface areas and microporosity.'® The effec-
tiveness of removal increases as the surface area and develop-
ment of micropores increases. Surface polarity and aromaticity
are essential characteristics of MOFs, as they influence the
adsorption of aqueous organic contaminants, but not inorganic
PTEs. The mechanisms for adsorption of PTEs by MOFs can be
classified as either chemisorption or physisorption. As shown in
Fig. 3, chemisorption includes chemical bonding, coordination,
and acid-base interactions. Physisorption includes electrostatic
attraction, van der Waals forces, and diffusion. The most
common mechanisms for PTE removal via MOFs are suggested
as acid-base interaction, m-m interaction, ion exchange, and
coordination.'® Other possible applications for MOFs in PTE
removal are based on hydrogen bonding.*® Research has shown
that MOFs have a unique potential to adsorb relatively inert
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molecules via hydrogen bonding, which cannot usually be
adsorbed by other chemical means, such as acid-base interac-
tion, -7 interaction, and coordination.®® Published data also
suggests that unmodified MOFs, in general, have lower
adsorption capacities for PTEs than modified MOFs.*®

The surface area of a MOF is generally considered to play
a crucial role in determining its adsorption capacity. However,
that is not always the case. The functional groups in a MOF may
override the intrinsic adsorption properties of MOFs where
post-synthetic modifications are key to PTE removal. FT-IR
analysis before and after contact with PTEs suggests an
apparent coordination interaction between the PTEs and the
-NH, and/or other functional groups.*** In some cases, PTEs are
adsorbed by the O-containing moieties of the MOFs, while some
PTEs, such as Cr, interact with functional groups such as
-NH,."* Coordination interactions may occur between PTEs and
such functional groups as amino groups (-NH,), carboxyl
groups (-COOH), and thiol (-SH) in modified MOFs."® There-
fore, the functionality of the MOFs critically influences the
adsorption capacity.

Electrostatic  attraction/repulsion  between inorganic
contaminants and MOFs is another possible adsorption
mechanism. Negatively charged MOF surfaces can facilitate the
electrostatic attraction of positively charged cationic PTEs.
Fig. 4 illustrates this phenomenon. This electrostatic attraction
was reported by various studies related to the adsorption of
fluoride and arsenic mainly via surface hydroxyl groups and
other functional groups, such as thiols and amines. Both
electron-rich and electron-poor functional groups are present in
MOFs, hence they can play a role in the adsorption of both
electron donors and electron acceptors. Hence, the functional-
ization of MOFs at the design and synthesis stage, which aims
to create a strong affinity to contaminants, is an important
factor governing the mechanism of removal for PTEs. Phys-
isorption is mainly controlled by the solution pH, where the
surface of the MOFs protonate or deprotonate, allowing PTEs to
bind to the MOFs. When the solution pH < pzc, large amounts
of hydrated hydrogen ions (H;0") are present, which will attract
negatively charged PTEs. In contrast, when the pH > pzc, the
MOF is negatively charged, and there is electrostatic attraction
between the MOF and positively charged PTEs." This has been
well documented for Pb(u), Cd(u), and Hg(u), as well as for Cr(vi)
and As(v).**”11# Diffusion is a physical mechanism that
governs the adsorption of PTEs by MOFs where data modeling
shows the process to reflect the intra-particle diffusion
equation.'®”

It should be noted that the adsorption capacity of a MOF is
influenced by many factors of both the adsorbent and adsor-
bate. These factors include the relatively high surface area, the
porosity, the organic linkers, functionalization, and zeta
potential of MOFs, and the characteristics of target contami-
nants, solution pH, and coexisting substances in the adsorbate
media. The dominant interaction of the MOF and contaminant
may also have a significant influence on the adsorption process
and can vary under different conditions. Hence, the real
mechanism for adsorption is relatively complex and molecular
level investigations are essential for exact prediction.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Different physisorption and chemisorption interactions of MOFs with PTEs in aqueous media.

5. Production upscale and utilization

Since MOFs were highly promising and attractive to be used in
water treatment due to the synthesis of water-stable MOFs,
strategies to expand the removal performance of MOFs have
attracted focal point in recent years and many different tech-
niques have been examined to improve the adsorption potential
of MOFs by varying the additives and procedures during
production (Fig. 5). Synthesis of MOFs with large organic
linkers may facilitate diffusion of metal ions through the
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enlarged pores of MOFs increase the adsorption capacity;
however, it was limited due to the commercial availability of
such linkers.***'*® Similarly, MOFs can be synthesized by
incorporating defects via including modulators to the precursor
mixture which again will enlarge the pore sizes of the MOFs
providing more surface sites for adsorption.’”® Inculcating
defects into MOFs is considered as simpler as and more
economically viable than the MOFs with large organic linkers
and furthermore, the produced MOFs are hydrophilic in
nature.’* Additionally, functionalization of the organic linker

Electrostatic Electrostatic Electrostatic
repulsion & neutrality attraction &
attraction repulsion

pH < pHzpc pHzpc pH > pHzpc

Fig. 4 Schematic diagram of the electrostatic attraction/repulsion of charged PTEs based on the zero-point charge (pHzpc) of the MOFs.
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Fig. 5 Graphical illustration of strategies for enhancing adsorption performance of MOFs.

or the metal node improves the capacities or MOFs, and
modifications or hybridization such as magnetization
strengthens MOFs by including property for easy recovery. The
possibility for regeneration is one of the critical parameters of
choosing a MOF for water treatment, which satisfies economic
viability and various environmental protection guidelines.
Regeneration depends on structural and chemical properties of
the adsorbent. Regeneration potential of MOFs has been tested
by changing temperature/pressure (or vacuum), pH, and
modifications.”* One of the effective Cd(u) adsorbents,
Cu3(BTC),-SO3H framework depicted an easy regeneration
method which is washing with deionized water and drying.'®
The MOF CPO-27, a Ni(u) adsorbent (Ni) depicted regeneration
at a temperature of =90 °C."”* Furthermore, magnetic modifi-
cation of MOFs has provided an opportunity for the easily
regeneration.

Although the above enhancements were promising and
tested in laboratory scale, the number of commercial-scale
products is limited that indicates a gap between the conver-
sion of laboratory MOFs research to commercialization. It has
been observed that the transformation of MOFs from labora-
tory to commercial level hindered by the scale-up issues such
as production capacity (space-time yield), expenditure, prop-
erties, purity, and stability. Due to these limitations and
challenges, despite the remarkable academic interest which
produced thousands of new MOFs with diverse applications,
only a few of them are being translated from laboratory to large
scale to be used in real-world applications.’” A 3D UiO-66/
wood composite membrane has reported, which can be prac-
tically applicable in large-scale treatment processes for the
removal of organic pollutants with an efficiency of 96%."7*
However, not many large-scale applications are not reported
for PTEs.

34372 | RSC Adv., 2019, 9, 34359-34376

Viable transformation of production of MOFs from labora-
tory scale to commercial level challenges science and engi-
neering. The challenges in transforming are needed to be
identified clearly by the researchers, engineers to explore,
improve innovative, and commercially feasible scale-up
methods to produce MOFs for more recurrent applications.
Some of the challenges of scale-up the production of MOFs are
listed as follows.

e The production of stable MOFs for temperature and
humidity with maintaining product quality and reproducibility
among batches.

e The high volume of organic solvents and linkers for MOFs
production necessity mass-scale production of those.

e Scale-up of the production vessels may decrease the surface
to volume ratio so that the reaction kinetics will be less which
will lead to prolonged reactions hours and low quality of the
product.

e The feasibility of production/synthesis technique for
commercial application with high space-time yield and reduced
usage of heating or external solvents are used.

e Technical capability to produce different MOFs structures
from the same piece of equipment.

e Continuous process than batch production which will
reduce downtimes, labor costs and constant and consistent
production of MOFs.

e Activation and post-modification on a large scale need
large volume of chemicals.

6. Future perspectives

PTEs receive significant attention to reduce their presence in
water and food sources to protect human health and the envi-
ronment. Among the many methods available, the removal of

This journal is © The Royal Society of Chemistry 2019
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PTEs from water using MOFs has become a focal point of
research worldwide due to their versatility and high potential
for use as adsorbents. Among other characteristics, their wider
range of functionalities, chemical activities, higher stability,
and their ability to be easily tailored or modified for specific
applications make MOFs highly attractive for pollutant removal
in the environment. MOFs have consistently shown enhanced
adsorption capacity and performance, and the kinetics of
removal has been more rapid for MOFs than for conventional
adsorbents. Despite their potentially high adsorption capacity
for PTEs, a major challenge faced by the majority of MOFs
studied to date is poor water stability and poor selectivity.
Research has made clear that there is no single, universal MOF,
which is an effective adsorbent for many different contaminants
simultaneously. Yet, there are opportunities for more detailed
molecular level studies, in particular to provide an under-
standing of the adsorption mechanism of PTEs, to facilitate the
design of MOFs that can better address multiple contaminants
in variable environments.

Several challenges still exist in commercial applications of
MOFs for PTE removal in water treatment. The behavior of MOFs
in water or aqueous acid/base solutions, their recyclability and
reusability (regeneration), and the competitive performance of
MOFs in complex wastewater effluents with multiple pollutants
are a few of these challenges.’® Competitive sorption should be
studied in detail, not only with similar competitive PTEs but also
with organic contaminants, dissolved organic compounds, and
microbial communities, which have not received enough atten-
tion. Development of bi- or heterometallic MOFs to remove
metalloids with different valences simultaneously is also a chal-
lenge that should be addressed in future research. There is still
space in the research arena to develop pioneering technologies
for producing water-stable MOFs for small-scale commercial or
individual household water treatment systems. Engineered
MOFs should be considered for use in either permanent or
single-use filters in such systems. Scaling up of MOF production
in large scale should receive further attention. A new frontier for
adsorptive removal has been opened by the advent of MOFs that
function via hydrogen bonding due to their strong adsorptive
removal potential.

Exploration of the effects of structural adaptations by ligands
in water is another important area of research for the future. At
the same time, cost-minimization vig introducing simple
synthesis methods, easy and cost-effective regeneration/recycling
procedures, durability, and sustainable disposal options also
need more research. Overall, MOFs will inevitably be considered
as an effective alternative to conventional adsorbents provided
that their water stability and reusability can be ensured.
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