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Abstract. In recent years, wastewater has been concerned to be a serious problem since it is harmful
to the natural environment and toxic for animals and humans. Two major sources that create the
pollutant is heavy metal ion and dyes in industry. Metal-organic frameworks with easily modified
characteristics and high surface area, as a new material that performs well in wastewater treatment,
have become excellent adsorbents for removing heavy metal ions and dyes through adsorption and
catalysis processes. This review described the mechanism of waste material removals, such as -
T interactions, electrostatic interaction, and hydrogen bonds interaction. In addition, to further
understand the mechanism, the factors such as pH, temperature change, and initial concentration
of dyes are also mentioned in this review. Specific MOF for the removal of different hazardous
materials is discussed. Finally, future research on MOF material is suggested, and prospecting
further development of MOFs in wastewater treatment.

Keywords: MOFs, wastewater treatment, dye, heavy metal ion.

1. Introduction

The environmental problems related to chemical and biological contamination and pollution in
water have become an important issue over the years. The major pollution resources come from the
production of industrial waste. It would release the wastewater containing toxic materials, such as
dyes and heavy metals [1]. Much effort should be paid to control and protect the water quality to
create a healthy life for humans and animals.

Many techniques have been invented to remove the compound in wastewater, like heavy metal
ions and dyes. The toxic molecule can be removed by enzyme, ion exchange, nanofiltration, advanced
oxidation process, etc. It is noted that nano-based materials and other ways still have severe
downsides, like complicated synthesis processes that lead to an expensive cost of production, limited
pH ranges for applications, and being barely able to recycle and reuse [2]. The usage of enzymes
could be restricted to the environmental condition since enzymes are susceptible to the temperature
and pH, which would be easily denatured in impropriate conditions. However, adsorption is
considered a very effective wastewater treatment for removing toxic inorganic and organic
compounds and molecules because the operation is easy and highly efficient [3]. Researchers pay
attention to porous materials to develop a better adsorbent with a more efficient adsorbent.

In particular, metal-organic frameworks (MOF) show an excellent ability to purify wastewater
because of their high porosity, large surface area, diversity in structure, and extraordinary affinities
of adsorption properties [4]. MOFs are unique porous materials that seem like crystals. It is
composited by metal ions or clusters and organic ligands through coordination bonds [5]. These
properties allow MOFs to be an excellent material to remove the toxic molecules discharged in
wastewater and have the potential to cross the barrier of other porous materials and nanomaterials.
On the one hand, MOFs have the largest BET area compared to other porous materials because of the
high surface area and porosity properties [6]. On the other hand, MOFs can also undergo two
processes when removing waste material, adsorption, and catalysis.

Based on previous studies, it has been suggested that the mechanisms of adsorption of organic
pollutants above MOF consist primarily of electrostatic, n-m, hydrogen bond, and metallic bridge
interactions [7]. All the different mechanisms suggest that the MOFs adsorption variability, which
indicates that it can be applied to various aspects. In addition, to using the flexible structures, the
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development of MOF composites is also exciting because they enhance water stability and higher
adsorption capacity. During MOFs catalysis, it shows an excellent heterogeneous catalytic platform
with reasonably well-defined good catalytic sites, which significantly benefits related activities; one
particular way is photocatalysis.

Despite the several advantages of MOFs, there are still some limitations, such as poor water
stability. MOFs are composed of linker and metal sites. The inclusion of heavy metal ions would
present the structure, so water quality after removing hazardous pollutants in water may be questioned
since the accumulation of metal or even minerals would be vital to a human being. Nonetheless, the
heavy metal ion in MOFs can be replaced by others, and it is unlikely that MOFs release the metal to
the environment because the linker connects it [8]. The limitation of MOFs also indicates that more
research should be done to reach a more efficient adsorption capacity and more sustainable and
cheaper materials.

This review mainly focuses on the mechanism and application of MOF in wastewater treatment,
especially on removing heavy metal ions and dyes. Furthermore, the factors and types of MOFs in
each aspect were introduced.

2. Mechanism of MOF used in wastewater

There are two ways for MOFs to remove the hazardous material in wastewater, adsorption and
catalysis [9]. Adsorption of MOFs interacts with other materials in the environment, and catalysis
relates to the electron.

2.1. Adsorption

One of the ways that MOFs can remove waste in the water is the process of adsorption. By
interacting MOFs material with the polluted water, different MOFs would have different strategies to
interact with the pollutant and adsorb them.

There are two ways to separate and adsorb the waste in water, either using the physical property
or chemical property. MOFs can adsorption with their surface physical properties, such as the dipole-
dipole force and their polarity. For the chemisorption of MOFs, the molecule binds with a metallic
site that is not saturated yet. The adsorbate can also interact and react with the functional groups in
MOFs [10].

2.1.1 Electrostatic interaction

Electrostatic interaction is a way of removing contaminants by adsorption. When MOF's charge is
changed, they would be easily gone through interacting with the adsorbates that have the opposite
change with MOFs. The net charge on the MOF can be modified by adding other functional groups
or species; it would lead to either protonation or deprotonation [11]. Thus, the MOFs with charge can
interact with adsorbates with opposite charges [12], which influences the MOF's ability of metal ion
adsorption. On the other hand, the electrostatic attraction would attract cationic MOFs and anionic
dye by the electrostatic forces and form chemical bonds. It will also form chemical bonds through the
process of redox reaction since oxidation is losing electrons and reduction is accepting an electron. A
MOF in the aqueous solution or media can modulate the net surface charge, which depends on the
level of pH, for an electric charge [13]. Thus, the formation of the net charge of MOFs can efficiently
adsorb the cationic or anionic adsorbates.

2.1.2 n—r interactions

n-7 interactions are the interaction between two aromatic rings, which form chemical bonds. Its
interaction is weaker than electrostatic attraction. Nevertheless, creating n-m stacking interaction
between adsorbates and MOFs can increase the adsorption capacity of MOFs. For example, according
to Abdi et al. research on ZIF-8, the aromatic ring can interact with the crew in malachite green,
which through the n-n interaction and leads to a better asportation capacity [14]. Chen et al. on
investigate the Congo Red adsorption mechanism through the Co-MOFs. It can open an active metal
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site and create the m-7 interactions between dye and Co-MOF [15]. The benzene ring present in MOF
and Congo Red can create n-n interactions, as we can see from Fig.1.
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Figure 1. Mechanisms of Congo red degradation were removed by Mn-UiO-66@GO-NH2 [16]

2.1.3 Hydrogen bonding

In MOFs adsorption, hydrogen bonds formed limited. One way to create the interaction of
hydrogen bond between MOFs and dye is to the presence of the functional group. According to Wang
et al., the intermolecular force created by hydrogen bonds forms between the carboxyl group in MOFs
and amine groups in Congo red, as shown in Fig.1 [16]. The carboxyl group will interact with the
amine group in Congo red to form a hydrogen bond. The adsorption capacity of Congo red is
1265.82mg/g by using Mn-UiO-66@GO-NH: [16].

2.2. Catalysis

A way to manage wastewater is the process of catalysis, such as photocatalysis. Since MOFs has
a unique property, the organic linker can link various metal like transition metal, which would change
the property of the material. During photocatalysis, the light should always be absorbed in order t
make the electronic excitation occur with the available light source [17]. Charge separation, the
second elementary stage in most catalysis processes, is also critical in photocatalysis. Light would be
active in the MOFs and lead to charge separation. Then, the charge would recombine and remove
dyes effectively.

3. The application of MOFs used in wastewater

Many different pollutants will be present in wastewater, such as heavy metal ions, pharmaceutical
molecules, and dyes. All these pollutants would affect the water quality, so various MOFs are
designed for removal.

3.1. Removal of heavy metal ion

Industrial development is accelerating, and the pollution of heavy metal ions has become a serious
global problem. It influences both environment and human health. The overdose of heavy metal ions
such as cadmium (Cd), chromium (Cr), lead (Pb), and mercury (Hg), poses a human health risk since
they would store up by the bioaccumulation process through the food chain. Therefore, we should
take action to minimize the level of heavy metal ions to an acceptable level. One of the ways that can
reduce the heavy metal ion is using MOFs as adsorbents. Usually, the heavy metal ion would remove
by MOFs through the adsorption process [18]. The adsorb rate depends on the net surface charge of
MOFs, but the charge on the surface depends on the pH level of the solution. The optimized pH values
would influence the adsorption to the waste material, such as heavy metal removal. However, the
optimized pH values would change with the metal ions species’ adsorbent structures and the structure
of the adsorbent. The hydrogen ion would play an essential role during the adsorption process, which
would affect the coordination between the metal ion in MOFs and the absorbents, depending on the
metal ions species [19].
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Different types of heavy metals may change the solution environment because of the heavy metal's
form in the system. For example, the Cr®* metal ion would exist in the form of H2CrO4 or Cr207%in
acid solution, so the change of pH value would lead to the decrease of the adsorption. One type of
MOF that can remove Cr ion is MOR-1-HA, which has an optimal pH between 2-8 [20]. Fig. 2 shows
that 97-99.6% Cr (VI) has been removed in 2 to 8, with an initial 10.2 ppm total chromium
concentration. When the pH value is 1, the removal capacity is only 82%. It indicates that pH plays
a vital role in heavy metal ion removal.
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Figure 2. % Cr removal by MOR-1-HA with different initial pH value solution [19]

Additionally, Cr can also remove by the process of catalysis. The zirconium MOFs family is due
to the thermal stability of easy combination of functional groups and hydrolysis or through the use of
crosslinking methods. MOF composite adsorbent can further enhance the adsorption capability of
MOF [21]. For example, The g-C3sN4/NH2-Ui0-66 (Zr) ability in photocatalysis. The g-C3N4/NH-
Ui0-66 (Zr) is synthesized properly by constricting MOF by the routes for solvothermal and MOF
deposition. As a photocatalyst, it shows elimination of hexavalent chromium with high efficiency and
promotes the reduction of hexavalent chromium and the oxidation of tetracycline hydrochloride. The
heterojunction structure improves carrier separation and transfer, as well as the synergistic impact,
hence improving the photocatalytic effect. The removal efficiency of Cré* over CU-20 wt. was 1.86
and 3.25 times greater, respectively, than virgin NH2-UiO-66 (Zr) and g-CsNa. Furthermore, CU-20
wt. % could eliminate contaminants with the hybrid system synergistically, and Cr®* reduction
acquired 100 percent within 90 minutes of the visible range of irradiation. According to the research,
g-CsN4/NH2-Ui0-66 (Zr) would perform efficiently with wastewater purification [22].

3.1.1 Cadmium

Cadmium (Cd) is removed through a chemical adsorption process that is considerably aided by the
MOF's readily accessible carboxylate groups. Cu-terephthalate MOF can be used as an absorbent to
adsorb Cd. Enhancing the pH level of the solution was discovered to help with ion removal because
the more anionic MOF surface produced better electrostatic interactions with the metal ions. This
MOF's peak of Cd (Il) removal capability was estimated to be 100mg/g [23]. We can see that Cu-
terephthalate MOF will interreact with the heavy metal ion through ion exchange, which occurs in
the pores of the sorbent and on the sorbent’s surface, as shown in Fig.3 [23].
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Figure 3. The adsorption process of heavy ions using the copper terephthalate MOF [23]
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3.1.2 Lead

Zhang et al. demonstrate the HS-mSi@MOF-5 ability of Pb (I1) removal. HS-mSi@MOF-5 is an
efficient adsorbent because it has a high adsorption capacity for Pb (11), which is 312mg/g, and also
the equilibrium can be reached in around 30 minutes. By raising the pH level in the solution, the
process of adsorption will be faster. When the pH of the solution approaches 3, the surface of the HS-
mSi@MOF-5 becomes negatively charged, and the negative charge's density grows substantially as
the pH level in the solution rises. This is matched with the increased adsorption capability of HS-
mSi@MOF-5 for lead ions as pH increases. Consequently, it is suggested that electrostatic attraction
is the primary cause of HS-mSi@MOF-5 adsorption to lead ions [24].

3.1.3 Mercury

Chakraborty et al. created AMOF-1, a novel MOF based on zinc metal ions and tetracarboxylic
linkers and evaluated it for mercury ion removal from an aqueous solution. AMOF-1 adsorption on
mercury (1) ions could up to 94 percent (beginning with a concentration of 1 ppm) around 18 hours,
prolonging the length and raising the adsorption rate to 99 % according to a series of time-dependent
tests. The maximal absorption capacity of the substance was expected to be 78mg/g, but no pH data
were provided. lon exchange with DMA ligands arranged within rectangular MOF channels was used
in the proposed adsorption procedure [25].

3.2. Removal of Dyes

With the various design of dyes that can be used in the industry, pigments are spread to different
categories, such as the cloth industry, chemical indicators, and agriculture. However, the significant
number of dyes used in various aspects produced considerable waste. To remove the wasted dye,
MOFs can either catalyze the dye or adsorb it.

3.2.1 Factors of MOFs used in the removal of dyes

3.2.1.1 Solution temperature. The adsorbing effectiveness of the MOFs adsorbent depends mainly
on the temperature of the adsorbed solution. Especially during dye removal, MOFs will go through
either exothermic or endothermic reactions [26]. During the endothermic process, the temperature
and the rate of adsorption will increase. Due to the increase in temperature, it would belong to the
increased mobility of the dye molecule and functional adsorption sites. In the exothermic process,
however, increasing the temperature reduces uptake because the equilibrium favors the endothermic
reaction. The adsorbate's binding force to the active site which is on the adsorbent surface would be
reduced [27].

The Gibbs equation can measure the thermodynamics of adsorption

AG° = AH-TAS (1)

In this equation, AG indicates the adsorption reaction nature. With the increase of entropy (AS) of
dye adsorption, the change of enthalpy AH shows the reaction nature, such as the endothermic or
exothermic reaction [27]. Thus, the different temperatures can influence the efficiency of MOFs’
adsorption. To reach a high efficiency of dye adsorption, an appropriate temperature is needed. The
temperature is around 0-24°C to maintain that AG is negative, which means the reaction processes
spontaneously. [28]

3.2.1.2 Initial dye concentration. The initial concentration of dye is a vital factor in wastewater
treatment. The maximum absorptance capacity depends on the adsorption area of the MOFs surface
that can be accessed and the dye concentration [28]. Mohammadi et al. investigate the MOF UiO-66
to find the effect of beginning concentration on the adsorption of methylene blue (MB). They reported
that increasing the concentration of MB would decrease the rate of uptake, but when the concentration
of MB becomes lower, the uptake of MB rapidly increases. Fig. 4 shows that when MB concentration
is 10mg L™ to UiO-66 300 min. When the initial concentration of MB becomes higher, such as 20-
50mg L after 500 min, none of the concentrations has been adsorbed completely. This is because
the UiO-66 surface turns to saturate [30].
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60 MB=10mgL-1 = MB =20 mg L-1 + MB =30 mg L-1
MB =40 mg L-1 * MB = 50 mg L-1
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Figure 4. The relationship between initial methylene blue concentration and contact time that
conducts in 25°C [30]

3.2.2 Methane orange/Methane blue Removal

Zubair et al. investigate the adsorption of methane orange (MO) and Methane blue (MB) by using
UiO-66. When the temperature is increased, the adsorption capacity of MO/MB decreases, which can
be related to the unique character of the dye-adsorbent interaction. MO adsorption on UiO-66 is an
exothermic process, whereas MB adsorption on UiO-66 is an endothermic process, as previously
indicated. As a result, increasing the temperature favors the MB adsorption with the use of UiO-66
while decreasing the adsorption capacity of MO, resulting in a decrease in MQO's adsorption selectivity
over MB. The graph (Fig.5) Freundlich model parameters acquired through curve fitting. According
to Fig.5, At the temperatures that are investigated in this research, from 25°C to 45°C, the values for
both dyes are greater than one, indicating that both MB and MO adsorption on UiO-66 can be favored.
The n values that refer to the Freundlich model of MO, on the other hand, are higher than those of
MB, showing that UiO-66 prefers anionic MO dyes over cationic MB dyes. It was discovered that
UiO-66 absorbed MO more readily as an anionic dye than MB did as a cationic dye [31].
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Figure 5. The selectivity index of adsorption of MO/MB in 25°C to 45°C, [31]

4. Conclusion

In conclusion, MOFs are very prospective materials for wastewater treatment. The recent progress
in the field of MOFs for wastewater treatment is introduced in this article. MOFs play an essential
role in heavy metal ions such as cadmium, chromium, lead, mercury, and removal and dyes, such as
methyl blue and methyl orange through adsorption and catalysis. By modifying the environmental
condition, such as temperature, pH, and initial concentration, MOFs can remove all the waste
materials in the quantic environment. The temperature would influence adsorption efficiency
depending on whether the reaction is endothermic or exothermic. pH level would influence the charge
on the surface of MOFs because it would provide hydrogen ions or carboxyl groups. The initial dye
concentration will affect the efficiency of dye removal since researchers aim for the lowest dye
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concentration at the end of the adsorption. However, it is harsh for the researcher to modify the natural
environment to reach an ideal situation. It is also essential to find carious MOFs that fit different
conditions, such as having different pH tolerance. The various aspects that can be further developed
suggest MOFs' colossal potential. It is expected to see the further investigation of MOFs, which the
rapid development of new inventions in wastewater treatment material.
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