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Abstract

The environment and living things are seriously threatened by heavy metal ions. The
recovery and detection of heavy metal ions in water are extremely significant due to the
consistent supply of heavy metal ions in water resources, which poses health risks to human
and environment. The removal of heavy metal ions from wastewater is of primary importance
for a clean environment and human health. Consequently, there has been an increase in
interest in the creation of efficient adsorbents and sensors. A variety of reported methods
have been devoted to the removal of heavy metal ions from various wastewater sources This
project comprehensively and critically reviews and discusses these methods. The adsorption
mechanism is defined by the physicochemical properties of adsorbent and heavy metals and
operating conditions Generally, heavy metal ions can be adsorbed on to the adsorbent’s
surface, This method has been reported to have low operating costs, high removal capacity,
and easy implementation, and simple treatment by regenerating the adsorbed heavy metal
ions. The porous organic-inorganic hybrid materials known as metal-organic frameworks
(MOFs) comprise metal ions connected by the organic ligands. MOFs are eliminating these
heavy metal ions with excellent results. | looked into the various MOFs and their ability to
bind to these heavy metal ions in this report. This article reviewed recent development and
current status of detection of heavy metal ions using porous materials. Additionally, a
common mechanism for the adsorption of these heavy metal ions is explored. There have also

been studies on peptide-based gels that are efficient at cleaning up organic dyes and oil spills.



Introduction

The amount of available water resources is fast declining as a result of the increased
industrialization. Heavy metal (HM) ions are a significant source of water contamination.
Heavy metal ions such as As®*, Pb%*, Cd?*, As®*, Hg?*, Cr®", and uranium act as a great threat
to the environment and human health, and many highly toxic organic dyes are also
carcinogenic. Unprocessed dye discharge from industry pollutes water leads to serious
problems for aquatic and mankind!. These highly poisonous and non-biodegradable heavy
metal ions can pose a major threat to living things. There are several ways to remove HM
ions from water, including ion exchange, chemical precipitation, flocculation, membrane
filtration, and adsorption. Among all adsorption is most frequently used because it is
inexpensive, doesn't require high temperatures, and is highly effective. Metal as an adsorbent
is crucial for efficient adsorption. For this, a variety of typical adsorbents are employed,
including activated carbon, zeolites, and carbon nanotubes?. However, the selectivity and
adsorption capacity of these adsorbents are limited or less. Metal-organic frameworks
(MOFs), also known as coordination networks or porous coordination polymers (PCPs), have
received more attention over the past few years. MOFs are distinct from the adsorbents
mentioned above. In addition to offering advantages of both homogeneous and heterogeneous
catalysts, MOFs are created to take advantage of both organic and inorganic components.
Large surface areas, persistent porosity, chemical stability, open metal sites,
multifunctionality, and adaptable architectures are among their properties. MOFs are
crystalline substances made of metal clusters and organic ligands. Using various functional
groups and ligands, these MOFs can be modified to have unique structures and properties.
MOFs have been employed in many different domains, such as the delivery of drugs,
catalysis, and the elimination of dangerous pollutants. Numerous articles about MOFs have

recently been published, demonstrating its significance for a variety of applications.



MOFs have become a popular novel adsorbent for the elimination of heavy metal ions from
water in recent years. MOFs can be divided into two groups based on the types of organic
ligands and core metal ions (metal clusters).The several MOF systems that are used to adsorb
HMs are grouped either by the researchers who created them or by the kind of framework.
For example, Materials of Institute Lavoisier (MIL) was first synthesized at the Institute
Lavoisier. University of Oslo (UiO) synthesized zirconium (Zr)metal-based MOF. With the
help of transition or lanthanide series as metal ions (or clusters) and trimesic acid or
terephthalic acid as a linker, zeolitic imidazolate framework (ZIF) consists of inorganic metal
ions linked by organic imidazole ligands Cu-BTC, copper-based®. Several type MOFs-
templated materials including virgin MOFs, modified MOFs and magnetic MOFs composites
have been prepared and are used for removing divalent heavy metal ions. For divalent heavy
metal ions, MOFs materials have demonstrated superior adsorption capability over many
other adsorbents. Virgin MOFs are synthesized by combining central metal ions or clusters
with organic ligands without functional groups. To increase their activity, these MOFs have
been researched with various modification techniques. Chemically altering MOF materials
requires the employment of post-synthesis techniques, such as coating or hybridising virgin
MOFs with various functional groups, such as asazine, amino, quinine, or thiol functional
groups. For the removal of heavy metal, magnetic particles like iron (1I, 111) oxide contain
magnetic nanoparticles with adsorbent; interest in these combinations of MOFs and magnetic
nanoparticles has grown recently. In this case, separating the adsorbate from solution relies

heavily on an adsorbent's magnetic characteristic”.



Obijective

Physical and chemical adsorption make up the majority of the heavy metal ion adsorption
done using metal-organic frameworks. Adsorption that occurs physically is sometimes
referred to as adsorptive adsorption, whereas adsorption that occurs chemically is referred to
as reactive adsorption. Chemical adsorption involves chemical connections between the
adsorbates and the adsorbent form, whereas physical adsorption largely involves the
adsorbate interaction with these metal-organic frameworks through weak forces.
Coordination interactions, chemical bonds, and acid-base interactions are all a part of

chemical adsorption®.
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Figurel: Schematic Representation Adsorption Process

Chemical Adsorption:

Coordination interaction

Metal-organic framework which is modified with the help of different functional groups
such as -NHz, -COOH, -SH have coordination interaction with the heavy metal ions. Luo and
his co-worker prepared MIL-101(Cr), an amino-functional metal- organic framework in
which ethylenediamine grafted on coordinatively unsaturated Cr metal centres. When the
solution was acidic the NH> group get protonated and form MOF- (NH2)33+ and this will

react with the heavy metal ions®.
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Figure 2: coordination interaction

Chemical Bonding

In many MOFs, a chemical bond is formed with the target heavy metal ion. Wu and his co-
worker synthesised hierarchical ZIF-8 for the removal of As (l11). The mechanism proceeds
through Zn-OH which was generated from the breaking of Zn-N bonds and the As (l11) is

adsorbed using OH substitution resulting in the formation of Zn-O- as bond.
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Figure 3 : chemical bond Zn-OH

Acid-base interaction

HSAB theory is the basis of acid-base interaction, which states that hard acid interacts better
with the hard base and soft acid with soft base. Zhang and his co-worker synthesisedHS-

mSi@MOF-5 a thiol-based metal-organic framework. Pb (Il)) soft acids bind with thiol functional

group which is soft base in HS-mSi@MOF-5.
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Physical Adsorption:

Electrostatic interaction

MOF having the charged surface will interact with opposite charge adsorbate due to the
electrostatic interaction. The surface charge can be varied using the pH of the solution.
Adsorption of heavy metal ions also depends on the MOF surface zero potential (pzc). When
pH<PZC, That solution is acidic. Large numbers of H+ ions will combine with positively
charged metal ions to complete the process of adsorption. There won't be any metal-MOF
interaction in this case since the MOF will be positively charged. The metal ion and MOF

will be attracted to each other when the pH>PZC because MOF® will be negatively charged.
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Diffusion:

Diffusion also plays a significant part in the mechanism by which heavy metal ions are

adsorbed on metal-organic frameworks.

Diffusion kinetics is given by the equation.

q: =kit¥2+C



Zhang and his co-worker studied the adsorption of Pb (1), Cd(1l) and found out that diffusion
also exists in the mechanism and confirmed by plotting the graph which gives the straight

line®.
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Figure 6: Diffusion kinetics

Vander Waal Forces:

Vander Waal forces are used as a general adsorption process when surface area and porosity
are discussed. The surface area and porosity of MOFs can be adjusted. The weak Vander

Waal forces can adsorb substances that do not exhibit the particular sort of interaction™®.

Removal of Chromium:

Chromium is released mainly through the dye industries, tannery, metal plating in the form of

Cro_42, Cr207_2 or Cr3*. A variety of MOFs with various adsorption capacities and

equilibration times are synthesised in order to remove them from water. Saleem and his co-
worker synthesised the MOF by modifying the UiO-66-NH2 through introducing sothiocyanate
and thiourea and got the adsorption capacity for Cr3*using the UiO-66-NHC(S)NH Measured
117mg/g, which is higher than the earlier reported adsorbents. The addition of a functional

group to the pore structure that contains Sulphur-containing groups is what is responsible for



the increase in adsorption capacity. Adsorption of the soft metal cation, which raises the
adsorption capacity, is a crucial function of this substance'!. Tahmasebi and his co-worker
synthesised the Zn based MOFs namely TMU-5TMU-6,TMU-4 and found out the
adsorption capacity for Cr3* 123,118,127 mg/g. In these MOFs, adsorption capacity depends
on the free site available on MOFs to interact with metal ion and also on the basicity of the
nitrogen. MOFs having nitrogen functional groups like TMU-4 and TMU-5 have more
adsorption capacity than TMU-6 because of N-atom are present in the resonance with
benzene ring which will reduce the basicity of the N atom*?. Li and his co-worker synthesised
cobalt-based zeolite imidazole framework (ZIF-67) and found out the maximum adsorption
capacity for Cr (V1)15.8mg/g.ZIF-67 is made up of tetrahedrally coordinated Co®" ion with
N- atom of the imidazole ring which is acting as the linker and due to this type of structure,
the bulk Co®" does not interact with any hydroxide or water in the reaction. However, the

uncoordinated cobalt ion present at the surface will interact with hydroxide ion. The

mechanism for ZIF-67 is dependent on the pH; as the pH decreases the CrO 4

will be present

as HCrO4 and this will be exchanged with the hydroxide ion and in the subsequent step the e-

will be donated by the framework which partially reduces the more toxic Cr(VI) to Cr (I11)*3.
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Figure 7 :Adsorption mechanism of Cr (V1) removal by the ZIF-67

microcrystals: (a) electrostatic interaction and (b) ion exchange.

Fei and his Co-worker synthesised Zn0.5C00.5-SLUG-35 metal-organic cluster with ©-n
stack into the 2D Positively charged layers with metal ion tuneable and have adsorption
capacity of 68.5 mg/g for the chromate ion. Zhang and his co-workers synthesised ZJU-101
Zr based MOF having the adsorption capacity of 245mg/g for dichromate which is highest
for the removal of dichromate ion. ZJU-101 has high selectivity for the dichromate ion.This
was confirmed by adding different other disturbing ions in the solution'*. Aboutorabi and his
co- worker's synthesis TMU-30 Metal-organic framework based on theisonicotinate N-oxide
which has an adsorption capacity of 145 mg/g for Cr (VI).They successfully concluded that
during the adsorption mechanism N of N-oxide have a positive charge which will be doingthe
electrostatic interaction with the negatively charged oxygen atom of dichromate’®. Rapti and
his co-workers described metal-organic resins MOR-1 AND MOR-1-HA which are made by
adding the organic functional group to the MOFs and these have the better capacity to adsorb
the Cr(VI), MOR-1 and MOR-1-HA is an anion exchange composite material. MOR-1- HA
is used as a stationary phase in column exchange. Protonated MOR shows the better
adsorption capacity than the non-protonated MOR because in the latter one firstly protonation

of NH and after that insertion of CI- and exchange with Cr (V1) takes place®®.




Figure 8: Representation Structure of MOR-I
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Removal of Lead:



Zhang and his co-workers synthesised metal-organic framework HS-mSi@MOF-5 which is
based on thiol functional group and having the adsorption capacity of 312 mg/g for the lead
ion. Mechanism for the removal of lead ion may involve the acid-base interaction accordance
with the hard-soft acid-base interaction; thiol being a soft base will interact with the soft lead
ion*”. Luo and his co-Workers modified the metal-organic framework MIL-100 by
introducing the coordination bonding between the Cr®* and NH: group from the
ethylenediamine and this result in the adsorption capacity of Pb?* ion better than the
previously synthesised MIL-100 metal-organic framework*é. Ricco and his co-worker made
the combination of metal-organic framework and magnetic nanoparticle and prepared MIL-
53 based on Aluminum and iron nanoparticle and have the adsorption capacity of 492.4mg/g
for Pb?*. Liu and his co-workers designed UiO-66-NH2-CS aerogel monolith(UNCAM)
having the adsorption capacity 104 mg/g for Pb?* ion this is prepared by the self-crosslinking
reaction between the CS(Chitosan) and NH, group. Adsorption of Pb?* ion will proceed
through the coordination interaction between the NHz and Pb?*'°, Liang and his co-workers
prepared a titanium metal based organic framework MIL-125 and CS, and used it to remove

the Pb2* ion from the water®.

Removal of Arsenic:

Arsenic (As®* As®) is also a toxic heavy metal ion. Many Metal organic framework is
designed in a way to remove them from the water. Li and his co-workers examined the ZIF-8
for the removal of arsenate from the water and it gives the adsorption capacity of 76.5 mgg™.
ZIF-8 structure consists of the Zn?* ions coordinated with 2-methylimidazole. Its high
efficiency is mainly due to the mechanism of adsorption, which involves the presence of
hydrogen on its surface because of the dissociative adsorption of water. So, this would help in

better binding of As®*. Moreover, they also studied the effect of the other common ions



present in the solution on their removal efficiency and observed that the efficiency is mostly
effected in case of P043-due to its similar nature with the ASO_4321.Yang and his co-workers

synthesised CoFe>Os@MIL-100(Fe) hybrid magnetic nanoparticles (MNPs) which have
adsorption capacity of 114.8mg/g for As (V) and 143.6 mg/g for As (Il1). Their adsorption
mechanism involves the exchange of the OH group present on the surface of CoFe20s@MIL-
100(Fe) with the deprotonated arsenate and natural HzAsOs involves the formation of

multilayer due to the hydrogen bonding??.
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Figure 9:Mechanism of As adsorption

Broad Spectrum for heavy metal ion trap:

The metal organic prepared till date are specific for the specific metal ions. Peng and his co -
workers designed the metal organic framework using the ethylenediaminetetraacetic acid

which covers a broad spectrum of metal ions. This material also finds its uses in the



catalysis. The metal-organic framework having the single functional and monodentate, so this
makes them specific for the metal ion. When the functional groups are hard/soft they can
selectively interact with their respective hard/soft metal ions so to increase the range of the
metal ion. Peng and his co-workers introduced the ethylenediaminetetraacetic (EDTA) a good
chelating ligand having the six coordination sites; two amine and 4 carboxyl groups so it can
bind the various metal ions. This strategy can also be helpful in loading the metal ions to
serve as catalyst. This can be confirmed by the performance of prepared Pd**@BS-HMT
towards the Suzuki coupling reaction. MOF-808 having EDTA functional group is
developed by Peng and his co-workers and they also confirmed that the EDTA is attached to
MOF not adsorbed on the MOF. They also prepared two MOFs one with the oxalic acid
(OX) as ligand which only remove the heavy metal ion and the other MOF with the
19hioglycolic acid MOF-808 TGA having the SH functionalized ligand which can remove
the soft metal ions.MOF-808 EDTA can show selectivity for all three types of metal ions

hard, soft and borderline?.

Removal of heavy metal ions using biomolecules:

Biomolecules are also used to remove the heavy metal ions from the environment. The
discharges from the industries get settled into the soil and cannot be degraded. Polypeptides

starch cellulose can be used for removal of these heavy metal ions. The term bioavailability

refers as the ability of an element to be consumed by the living organism. Heavy metals
having the higher mobility will also have the higher bioavailability and are more toxic to the

living organism as they are consumed by them. Use of biomolecule in removing these is due



to the naturally available and low prices removal from these also involve the adsorption

mechanism?*.

Polysaccharides:

These are polymer of monosaccharide sugars these can be used to adsorb the heavy metal
ions, have the better chelation ability due to the availability of -OH group in the glucose unit.
Cellulose can be used with the help of chemical modification. Karnitz and his co-workers
chemically modified the cellulose using EDTAD (ethylenediaminetetraaceticdianhydride)
and this will be able to remove Cd?*,Cu?*,Pb?>*?. Chitosan can be obtained by doing the
partial deacetylation of chitin. Chitosan have -NH> and -OH group which are responsible for
the interaction with metal ions this can also be modified using the different functional group.
Fan and his co-workers apply the thiourea chitosan on the surface of magnetite and having
Ag* as imprinted ion Ag- TCM. This show good result in absorbing the Ag* ions, starch

cyclodextrin can also be used to remove these heavy metal ions?.

Amino acids:

Amino acids have both carboxylic and amine group, so they can do better chelation with the
metal ions. Cysteine, is an important amino group having the thiol group on the side chain it
can interact more with the metal ion due to the presence of the sulphur atom. Sljukic and his
co-workers modified the glassy carbon spherical powder with the cysteine methyl ester and
this can be used for the removal of the toxic Cd?*. Histidine contains the imidazole ring in

the side chain and this can act as base and acid and have the strong coordination tendency



towards the metal ion. Birlik and his-workers synthesisesd MHA/Cr3*used to remove the
Cr¥*ions?’. Interaction of biomolecule with heavy metal ions involve a special type of
adsorption called biosorption in which the solid phase is of biomolecule and the liquid phase
contain the species which is to be adsorbed and the theory which is majorly used to describe

the metal ion uptake is the HSAB principle?®.

Removal of organic dye and heavy metal Pb?*and Cd?* using

peptide based gel

Peptide amphiphile consists of two-part; a hydrophobic tail having the alkyl chain and a

hydrophilic end with peptide sequence which is responsible for the formation of hydrogels
and also this molecule can be assembled into organic medium to form organogels. Due to this
property they are also called as ambidextrous gelator. Within the past few decades,
researchers have gained their focus towards the supramolecular gels due to its controllable,
distinct structural design and features. In this particular gel, a large number of nanofibers
interlink with each other due to the presence of non-covalent interactions among them hence,
making a network like structure which could easily store a large number of solvent particles
leading to the formation of the gel. The hydrogels have the adsorption property due to the
presence of interstitial voids in them whereas in the xerogels(dried gels) this property is
exhibited due to the presence of - surfaces; which are responsible for the absorption of toxic
metal ions and dyes leading to management of wastewater. In these peptide amphiphiles the
peptide sequence containing aromatic amino group are responsible for the n-m interaction as
the amine favours the hydrogen bonding while the hydrophobic group is responsible for weak

Vander Waal attraction. Xerogel which is abstracted from peptide gelator, is an efficient



source towards the elimination of harmful chemical substances like organic dyes. Also, the
hydrogels serve this purpose by eliminating the heavy and toxic transition metal ions
like cadmium and lead both present in their +2-oxidation state from the wastewater efficiently. So,

the peptide gelators could be used as the remedy to our environment due to their applications like

above mentioned?°.

Synthesis of ZIF-67/EG intercalated structure for the

determination of heavy metal ions

Ma and his co-workers designed the structure using intercalating the ZIF-67 nanoparticles
into the layers of expanded graphite and this was used for the detection of heavy metal ions
using the electrochemical technique®. Metal organic framework have poor conductivity, this
type of modified structure have sufficient active sites and is electrochemically active,
therefore can be used for the detection of heavy metal ions. There are coordinative
interactions present in between the Co?*, the hydroxyl and the epoxy group present in
extended graphite®’. In electrochemical technique three electrode system was used. The
glassy carbon electrode (coated with ZIF-67) was used as working electrode, the platinum
sheet as counter electrode and the saturated Ag/AgCl act as the reference electrode.
Mechanism involves the adsorption of the heavy metal ions through bonding interaction on
the surface of these framework and the ions are then released to the surface of glassy carbon
electrode where reduction takes place, which then can be confirmed by stripping peak and

the ion concentration can be reflected by the peak intensity*?.

Summary and Future Perspectives

Summarily, the recent studies on the adsorption capacity of various MOFs for some metal

ions are discussed, along with their common mechanism involving in the adsorption are also



discussed, studies also include the change in the adsorption capacity by changing the organic
functional group (NH2, SH, OH). Removal of chromium includes,UiO-66-NHC(S)NHMe,
TMU-5, TMU-6, TMU-4 having adsorption capacity 117mg/g,123,118,127mg/g
respectively. ZJU-101 Zr based MOF having the adsorption capacity of 245mg/g for
dichromate which is highest for the removal of dichromate ion. Removal of lead includes HS-
mSi@MOF-5 having the adsorption capacity of 312 mg/g,MIL-53 based on Aluminium and
iron nanoparticle and have the adsorption capacity of 492.4mg/g, Metal organic framework
using the ethylenediaminetetraacetic acid covers a broad spectrum of metal ions,
ethylenediaminetetraacetic (EDTA) a good chelating ligand having the six coordination sites;
two amine and 4 carboxyl groups so it can bind the various metal ions. Biomolecules are also
used to remove the heavy metal ions from the environment Peptide based gel Xerogelis an

efficient source towards the elimination of harmful chemical substances like organic dyes.

Future perspectives:

1) A few MOFs may be employed to adsorb the heavy metal ions, and their capacity to do so

has to be researched.
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2)

3)

4)

5)

6)

Figure 10: MOFs

Because it is also important, attention must be paid to the desorption process that will be
carried out after the MOFs have absorbed the metals. MOFs cannot be dumped anyplace

because doing so will only increase pollution.

The metal organic framework we're utilising might be delicate to moisture and less stable
in watery medium. Therefore, a better water-stable metal organic framework might be

created via modification.

The heavy metal ions in the aqueous solution are removed. As a result, future research
may use non-aqueous samples to expand the scope of the removal of these metal ions

from soil and sediments.

pH can affect the working mechanism of the metal organic framework as they have the
limited range of pH in which they can effectively interact with the heavy ions. So, the
studies may also include to widen the range of pH in which these Metal organic-

framework can function.

Reusability also needs to be focused more, as most of the metal organic framework after

their use in few cycles decreases their adsorption capacity.
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