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Abstract
Metal-organic frameworks (MOFs) have emerged as highly promising adsorbents for removing heavy metals from wastewater 
due to their tunable structures, high surface areas, and exceptional adsorption capacities. This review meticulously examines 
and summarizes recent advancements in producing and utilizing MOF-based adsorbents for sequestering heavy metal ions 
from water. It begins by outlining and contrasting commonly employed methods for synthesizing MOFs, such as solvother-
mal, microwave, electrochemical, ultrasonic, and mechanochemical. Rather than delving into the specifics of adsorption 
process parameters, the focus shifts to analyzing the adsorption capabilities and underlying mechanisms against critical 
metal(loid) ions like chromium, arsenic, lead, cadmium, and mercury under various environmental conditions. Additionally, 
this article discusses strategies to optimize MOF performance, scale-up production, and address environmental implica-
tions. The comprehensive review aims to enhance the understanding of MOF-based adsorption for heavy metal remediation 
and stimulate further research in this critical field. In brief, this review article presents a comprehensive overview of the 
contemporary information on MOFs as an effective adsorbent and the challenges being faced by these adsorbents for heavy 
metal mitigation (including stability, cost, environmental issues, and optimization), targeting to develop a vital reference 
for future MOF research.

Keywords  Metal organic frameworks · Advanced materials · MOF composites · Heavy metals · Lead · Chromium · 
Arsenic · Mercury

Introduction

Water scarcity is a serious concern as the population is con-
tinually growing and is expected to reach 9 billion by 2050 
(Ghumman et al. 2022, 2021). On the other hand, water pol-
lution is shrinking water resources. Water pollution remains 
a severe issue in environmental management. Heavy metal 
(HM) pollution is of particular concern as these pollut-
ants are considered to be highly toxic and non-degradable. 
Heavy metals like chromium, arsenic, mercury, cadmium, 
copper, and lead are the most common pollutants, which are 
considered to be carcinogenic, mutagenic, and teratogenic. 
These HM pollutants can retain themselves in water and 
migrate with water flow, enrich in plants and animals, ulti-
mately reaching humans via food. The health issues caused 
by a specific exposure to HM, such as liver protein enzyme 
alteration, damage to the nervous, respiratory, and digestive 
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systems, and even death due to long-term exposure, cannot 
be ignored (Chen et al. 2023a, b).

Over time, innumerable methods have been designed and 
improved to remove HM ions from wastewater, such as coag-
ulation, ion exchange, chemical precipitation, membrane 
separation, reverse osmosis, electrolysis, phytoremediation, 
reduction and oxidation, and adsorption. Despite improve-
ments, these techniques still suffer from low selectivity, 
high cost, secondary pollution, and complex designs except 
adsorption. Adsorption offers numerous advantages, such 
as simplicity, high efficacy, and low-cost operation, mak-
ing it the most effective HM removal technique. Numerous 
adsorbents, such as activated carbon, chitosan, polymers, 
biomass, coke, metal oxides, and zeolites, have been utilized 
for HM removal (Zhang and Liu 2023). Nonetheless, certain 
challenges like low selectivity, low adsorption capacity, low 
reusability, and high synthesis cost make them less effective 
adsorbents and limit their upscaling. Therefore, developing 
novel adsorbents with stupendous selectivity and uptake 
capacity for HM removal is a task that must be indefinitely 
pursued (Z. Chen et al. 2023a, b).

Metal-organic frameworks (MOFs) (coordination poly-
mers) are structurally engineered hybrid materials com-
posed of metal clusters connected with organic ligands 
via strong covalent bonds. Recently, these materials have 
attracted a lot of research attention as novel adsorbents 
for wastewater treatment due to their high surface area, 
pore volume, flexible ultrahigh porosity (up to 90% free 
volume), specific surface charge, tunable geometry, and 
adsorptive sites (El-Mehalmey et al. 2018; Forghani et al. 
2020; Guo et al. 2019; Harvey 2023; Qiu et al. 2018; Yang 
et al. 2016). These materials have shown promising results 
as adsorbents for the remediation of various pollutants, 
including heavy metals. MOFs have been divided mainly 
into three groups such as MOFs, Materials of Institute 

Lavoisier (MIL), University of Oslo, and zeolite imidazole 
framework (ZIF), as shown in Fig. 1. The MOF concept 
was originally proposed by Robson et al. in 1989, and the 
first MOF was successfully synthesized by Yaghi’s team in 
1995 (Manoj et al. 2022). Prior to 2009, studies on MOF’s 
capacity to remove heavy metals from wastewater were not 
often published. This changed once MOF’s water stability 
was improved. Ji et al. (“Design and synthesis of an excep-
tionally stable and highly,” 1999) produced an effective 
Hg(II) adsorbent by incorporating organic ligands with 
-SH functional groups into MOF-808. This adsorbent has 
outstanding selectivity, reproducibility, and a large adsorp-
tion capacity for Hg(II) (977.5 mg/g) (“Design and syn-
thesis of an exceptionally stable and highly,” 1999). In a 
single pot, Wang et al. (2020) produced a novel Zr-MOF 
using zirconium chloride and mercaptosuccinic acid. The 
adsorbent can remove Hg(II) and Pb(II) from wastewater 
and drop their concentrations below international stand-
ards by chelation and electrostatic contact. Maximum 
Hg(II) and Pb(II) adsorption capabilities for Zr-MOF 
were 1080 mg/g and 510 mg/g, respectively, under ideal 
circumstances. Goyal et al. doped Fe into HKUST-1 MOF 
to produce a bimetallic MOF adsorbent with a maximum 
capture capacity of 565 mg/g for removing Pb(II). These 
studies demonstrate the MOFs’ potential as a heavy metal 
remediation adsorbent (Rathi and Kumar 2021).

Several review papers have been published on MOF 
recently. However, most of them focuses only on one type 
of MOFs like MOF composites (Xie et al. 2023) and ZIF 
and MIL (H. Zhang et al. 2022a, b) series. This review 
intends to present the review of recent advances in MOFS 
development for HM removal from wastewater to build a 
purposeful reference for developing and designing MOFs. 
A detailed review of synthesis, functionalization, and their 
utilization for HM removal was conducted.

Fig. 1   MOFs utilized for heavy metal removal (G. Lin et al. 2023a, b)
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Synthesis and modification of metal‑organic 
frameworks

Synthesis of MOFs

Numerous methods have been utilized to synthesize pris-
tine MOFs, including solvothermal/hydrothermal, micro-
wave-assisted, mechanochemical, sonochemical, and elec-
trochemical, for heavy metal removal, as shown in Fig. 2. 
Researchers also modified MOFs to improve the adsorption 
performance by introducing adsorption favorable groups like 
-NH2, -SH, and -OH. All these methods can produce MOFs 
effectively, but they have different advantages and drawbacks 
to offer. In the subsequent sections, we will elaborate on all 
methods and explain the limitations and advantages these 
can offer (Shah et al. 2024).

Solvothermal/hydrothermal

Solvothermal is one of the most widely used approaches to 
synthesize MOFs. This approach involves the dissolution of 
metal salts and organic ligands in a solvent, followed by a 
reaction in a closed vessel under autogenous pressure and a 

temperature of about 100–500 °C (above the solvent’s boil-
ing point) for 12–48 h (Meek et al. 2011). This method is 
generally considered simple, convenient, and suitable for 
laboratory trials (Riou et al. 1998; Serre et al. 2002). The 
only difference between hydrothermal and solvothermal is 
that organic solvent is replaced by aqueous solution in the 
hydrothermal process (G. Lin et al. 2023a, b). The inde-
pendent variables of this process, like temperature, organic 
solvent, heating method, and pressure, can greatly influence 
the properties of the resultant MOF. This process can yield 
a MOF with high crystallinity, large specific surface area, 
tunable morphology and topology, and uniform size, which 
is considered its most notable advantage. Such properties are 
beneficial for the adsorption of HM ions from wastewater (Pi 
et al. 2018; Wang et al. 2016a, b). These properties can make 
MOFs highly selective adsorbents for HM ions with high 
adsorption capacity. However, the MOFs produced using 
these methods have shown certain drawbacks, particularly 
low yield (< 50%), use of perilous solvents, and required 
long time and high temperature for synthesis (Liang et al. 
2018a, b; Lin et al. 2023a, b; Luo et al. 2016; Zhang et al. 
2022a, b). The most notable examples of MOFs produced 
using this method are UIO-66, MIL-125, MIL-153(Fe), etc.

Fig. 2   Conventional methods used for the production of MOFs: a solvothermal, b microwave-assisted, c electrochemical, d sonochemical, and e 
Mechanochemical method (Zhang et al. 2022a, b)
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Microwave assisted

Microwave-assisted heating technique for synthesizing nano-
materials has been extensively used (Bilecka and Nieder-
berger 2010; Zhu and Chen 2014). This technique was first 
extended to synthesize MOFs in 2005 (Lin et al. 2023a, b). 
The recipe for developing MOFs is somewhat similar to the 
solvothermal method, except the heating source is micro-
waves (Lee et al. 2013). This technique promotes the nuclea-
tion and crystal growth of MOFs due to the uniform and 
swift heating of the liquid medium. This happens because of 
the molecular vibration and collision caused by electromag-
netic waves and the permanent dipole moment of the mol-
ecules (Lee et al. 2013; Vakili et al. 2018; Xu et al. 2006). 
MIL-100(Cr) was the first MOF produced using this tech-
nique; the reaction was completed in just 4 h compared to 4 
days by conventional heating methods with the same yield 
(Jhung et al. 2005), showing the potential of the microwave-
assisted technique to reduce the reaction time. The proper-
ties of the MOF produced using this technique are similar to 
the one produced using solvothermal methods, except for the 
crystal size; as reported by Jhung et al. (2007), the crystal 
size of the MIL-101 was smaller and more heterogenous 
compared to the conventionally produced; moreover, the 
crystal size decreased with the crystallization time.

Compared to the solvothermal method, this technique 
has shown the advantages of shorter reaction time, smaller 
crystal size, high purity, and high energy efficacy (Klinowski 
et al. 2011; Ni and Masel 2006). Moreover, the phase selec-
tivity (Laybourn et al. 2017) and facile morphology (Lee 
et al. 2013) are controllable. Despite the potential benefits 
this technique offers, it may inherit some challenges, such as 
low yield, high temperature, and usage of perilous solvents.

Electrochemical

The electrochemical method utilizes the principle of elec-
trolysis to synthesize MOFs. Two different synthesis meth-
ods are utilized in this technique. The organic ligands are 
dissolved in an electrolyte solution, and the anode is made 
of the corresponding metal. The electrochemical oxidation 
at the anode releases metal ions to the electrolyte solution 
resulting in interaction with organic ligands yielding a MOF; 
this process is well known as anodic synthesis. In cathodic 
synthesis, the metal salts and organic ligands are continu-
ously dissolved in an electrolyte solution. The electrolysis 
of water generates -OH, which compels the combination of 
metal with organic ligands through protonation to balance 
-OH (Li and Dincǎ, 2011).

Electrochemical technique for synthesis is not as famous 
as solvothermal and microwave, but it offers a wide range of 
advantages such as rapid kinetics, low reaction temperature 
required, does not generate any by-product anions, effective 

utilization of organic ligands, and high Faraday efficacies 
(Antonio et al. 2019; Campagnol et al. 2013). However, 
the high maintenance and operation cost, perilous solvents 
requirement, and other delicate equipment requirements 
limit this technique’s upscaling.

Mechanochemical

This technique utilizes mechanical force to break the intra-
molecular bonds. The metal salts and organic ligands are 
ground which results in a chemical reaction leading to the 
formation of MOFs (Khan and Shahid 2022). Typically, 
this method can be categorized into three categories such 
as without solvent or neat grinding (NG), with solvent or 
liquid-assisted grinding (LAG) (solvents are added in the 
grinding process), and ion-and-liquid-assisted grinding 
(ILAG) (solvent and salt are used as additive) (Chen et al. 
2019). Pichon et al. (2006) produced MOF using mechani-
cal mixing for the first time in 2006, and the product was 
formed in just 10 min. This process can be carried out in 
mild conditions and less time, but the MOFs formed are 
low in purity and bad crystal form. Pilloni et al. (2015) used 
a vibratory ball mill to synthesize MIL-100(Fe). The MOF 
was produced within 1 h, and 5 ml of tetramethylammonium 
hydroxide (TMAOH) was used. The noteworthy benefits of 
this process are that it does not or rarely requires solvent 
usage, making it eco-friendly (Chen et al. 2019), less reac-
tion time required (10–60 min), and mild conditions (room 
temperature and pressure) (Khan and Shahid 2022). Moreo-
ver, this process has enabled the utilization of immiscible or 
less soluble organic ligands, expanding the family of MOFs 
(Chen et al. 2019; Crawford and Casaban 2016). Certain 
challenges are still there, such as low purity (requires sol-
vent usage for further purification) (Rubio-Martinez et al. 
2017), and the particle is uncontrollable and usually very 
small because of grinding (Szczesniak et al. 2020).

Sonochemical

The sonochemical method involves the usage of ultrasonic 
irradiation of the mixture of organic ligands, metal salts, 
and solvents. Ultrasound waves cause cavitation, a process 
of microbubble formation, growth, and collapse, creating an 
ultrahigh localized pressure (~ 1000 bars) and temperature 
(~ 5000 K). These harsh conditions facilitate the mass trans-
fer and nucleation of MOF crystals (Khan and Shahid 2022). 
MOFs produced using ultrasonic waves have a higher sur-
face area and crystallinity compared to those synthesized by 
solvothermal methods, as reported by Chalati et al. by syn-
thesizing MIL-88A (Chalati et al. 2011). The high tempera-
ture, pressure, and strong shear force facilitate the generation 
of high-energy molecules and bond breakage, creating free 
radicals, which rearrange to form MOFs (Lee et al. 2016). 
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This process offers high energy efficacy, reduced reaction 
time, and convenient operation (Vaitsis et al. 2019). A few 
disadvantages of this method include low yield, side reac-
tions, and impurities in the final product (Amaro-Gahete 
et al. 2019; Ghanbarian et al. 2018).

Modification/functionalization of MOFs

Enhancing surface area

The surface area of the MOFs is tunable by changing the size 
of the organic ligands. The long-chain organic ligands can 
increase the porosity of the MOFs. For instance, Eddaoudi 
et al. (2002) reported that the expansion of the pore size of 
MOF-5 by using different organic ligands with dicarboxylic 
acid structure yielded similar topology MOFs, but surpris-
ingly, the aperture of MOF changed from 3.8 to 28.8 Å and 
7 times greater pore size (Eddaoudi et al. 2002). Enlarging 
the surface area offers potential benefits, making pore char-
acteristics favorable for adsorption and promoting ion diffu-
sion. However, it increases the cost and can cause structural 
collapse due to the MOF’s crystal structure distortion caused 
by long organic ligands (G. Lin et al. 2023a, b).

Functionalizing organic ligand

MOFs are typically considered the most effective adsorbent 
because of their remarkable specific surface, controllable 
topology, and pore characteristics. These properties facili-
tate the physical adsorption of pollutants on native MOFs. 
To further enhance the adsorption performance of MOFs, 
researchers tried to introduce pollutant-favorable binding 
functional groups in MOFs. This was done utilizing two 
methods: (i) post-synthetic modification (by impregnat-
ing the organic ligand onto the MOFs) or (ii) by react-
ing metal salts directly with functional groups containing 
organic ligands to synthesize MOFs in a one pot. Fu et al. 
Fu et al. (2019) modified the UiO-66-NH2 using 2,3-dimer-
capto-1,3,4-thiadiazole utilizing the post-synthetic modifi-
cation technique. Abdelhameed et al. (2019) reported the 
post-synthetic modification MIL-125 using bis-quinoline 
Mannich. Both showed that the modification improved 
the adsorption tremendously; however, the organic ligand 
blocked the pores of the native MOFs, which resulted in 
reduced surface area. Wang et al. (2020) utilized mercap-
tosuccinic acid (containing -OH functional group favorable 
for Hg+2) to react with ZnCl4, and in another study, they 
utilized bifunctional (Wang et al. 2022) organic ligand to 
produce functionalized MOF in one pot eliminating the need 
for post-synthetic modification. The one-pot strategy is more 
economical, fast, eco-friendly and feasible compared to post-
synthetic modification, but research is still needed to be done 
to control the morphology and crystal shape of the MOFs.

Functionalizing metal node

Similarly, this modification can be done in two ways: (i) 
post-synthetic modification of metal node and (ii) doping of 
metal onto MOFs. In a post-synthetic modification, prepared 
MOFs are modified by functionalizing the metal node with 
specific molecules. For instance, Ke et al. (2011) took advan-
tage of the coordinatively unsaturated Cu metal center and 
functionalized it with a thiol-containing organic monomer 
(dithioglycol) through facile coordination. This modification 
of the Cu-MOF enhanced its adsorption performance tre-
mendously for Hg+2 (714.269 mg/g). Typically, the strategy 
to functionalize the metal node rather than the organic node 
is more active and easier to coordinate. However, increasing 
the amount of molecule used for functionalization can lead 
to worse crystallinity, morphology, and reduced surface area 
and pore volume (Ke et al. 2011). Doping the metals onto 
MOFs can also enhance their adsorption performance and 
can help to regulate the structure and porosity of the MOFs, 
which in turn improve the selectivity, activity, and stabil-
ity of the MOF. For example, Goyal et al. (2022) reported 
iron doping on HKUST-1 by substituting Cu(II) sites. Com-
pared to HKUST-1, Fe-HKUST-1 (5 mol% Fe) showed 
improved water stability as it retained 86% crystallinity and 
89% surface area after being exposed to water for 2 h and 
demonstrated remarkable adsorption performance for Pb(II) 
(565 mg/g). However, over-doping (> 10%) can also cause 
structural collapse and weekend the hydrostability indicating 
that the optimum amount of doping should be done to have 
favorable adsorption properties (Goyal et al. 2022).

Composite formation

Composite formation is an effective technique to enhance 
the MOFs’ properties and tailor their functionalities by 
combining them with other components such as metal 
nanoparticles, graphene, carbon nanotubes, silica, and 
polymers. For instance, Huang et al. (2022) inserted mag-
netite nanoparticles (Fe3O4) into NH2-MIL-125(Ti), fol-
lowed by its post-synthetic functionalization by thiol and 
amino functional groups, which yielded a magnetic com-
posite MOF (BDB-MIL-125(Ti)@Fe3O4. The magnetite 
inclusion imparted superparamagnetic properties, making 
removing the MOF after adsorption easy and reducing the 
overall cost. Graphene oxide (GO), an innovative nanoma-
terial, demonstrated a promising ability to remove heavy 
metals. GO prevents particle agglomeration and improves 
dispersive force within the MOF structure, thus improv-
ing stability. Generally, GO increases the active sites for 
improved pollutant removal and provides a substrate for 
nano MOF growth, increasing the MOF’s stability. For 
example, Wang et al. (2019a, b) prepared a composite of 
zeolite imidazole framework and graphene oxide for Pb(II) 
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removal, as shown in Fig. 3. The GO inclusion helped 
the dispersion and imparted active sites, which improved 
the Pb(II) adsorption, reaching the maximum adsorption 
capacity of 356 mg/g. It can be concluded that the com-
posite formation of MOFs with other functional materi-
als has proven to be an effective technique for improving 
properties and stability and tailoring functionality for a 
specific application.

MOFs integrated with fiber by electrospinning

The manufacturing of MOF-based nanofibers through elec-
trospinning is gaining significant attention due to its conven-
ience and unique properties. This process produces nanofib-
ers with a large surface area, high porosity, easy size control, 
and allows for straightforward surface modification. Differ-
ent strategies are generally used to produce MOF-based 
nanofibres, namely “MOF-in-fiber,” “MOF-on-fiber,” and 
“MOF-seed-fiber”(Peng et al. 2023).

The MOF-in-fiber strategy involves mixing MOF powder 
and polymer in a spinning solution, which gets the MOFs 
wrapped in fiber runder high voltage (Shah et al. 2024). For 
instance, Wang et al. (2019a, b), produced MOF-PAN film 
by electrospinning the nanofibrous solution of Cu-based 
MOF (HKUST-1) with polyacrylonitrile (PAN). The fol-
lowing steps involving carbonization, azide reaction, and 
perfluorination (PF) treatment enhance the resulting cop-
per azide film, imparting outstanding electrostatic stability 
and remarkable detonation performance. Energy-dispersive 
spectroscopy (EDS) analysis confirmed the successful 

modification of the copper azide film, revealing uniform 
dispersion of Si and F elements throughout the film. The 
MOF-in-fiber approach involves encapsulating MOFs within 
the polymer matrix, leading to a reduction in the active sites 
accessible to MOFs. Consequently, the functionality of 
MOFs is somewhat constrained by this encapsulation pro-
cess (Q. Wang et al. 2019a, b).

Unlike the MOF-in-fiber approach, where MOFs are 
encapsulated within the fiber during a single process, the 
MOF-on-fiber method involves synthesizing MOFs sepa-
rately and then depositing them onto the surface of a blank 
fiber (Peterson et al. 2021). Unlike the encapsulation seen 
in the MOF-in-fiber method, there are instances of swelling 
and agglomeration with this approach. However, the MOF-
on-fiber method allows MOF particles to attach to the fiber 
surface, providing more exposed sites for functionality (Lee 
et al. 2017).

Performance of MOFs as a HM ion adsorbent

Pristine MOFs

Pure metal-organic frameworks have received great attention 
due to their promising surface properties and exceptional gas 
adsorption capability. These materials have also been studied 
extensively for their potential to filter pollutants from aque-
ous solutions. For instance, Ding et al. (2018) effectively 
synthesized UIO-66 from ZrCl4 and 1,4-benzene dicar-
boxylic acid to adsorb Hg(II) with an adsorption capacity 

Fig. 3   Composite formation of ZIF-8 and GO (J. Wang et al. 2019a, b)
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of 36.45 mg/g. According to the available literature, ZIF-
90 was prepared using imidazole-2-carboxyaldehyde and 
Zn(NO3)2·4H2O and then activated by 3 days of soaking 
in CH3OH. Only 47 mg/g of Hg(II) was adsorbed despite 
attaining a substantial specific surface area of 1222 m2/g 
(Yin et al. 2018). Similar to this, the hydrothermally pro-
duced pristine MOFs (MIL-101 (Cr)) only adsorb 75 mg/g 
of mercury(II) (L. Liang et al. 2018a, b).

Cheang et al. (2022) synthesized MIL-101(Fe) for Pb(II) 
adsorption with a regular crystal shape with the use of a 
microwave, and the capture capacity through electrostatic 
contact was 40.5 mg/g. The application situations are con-
strained by the fact that this material works best at moderate 
pH levels. Furthermore, Pb(II) reusability has to be improved 
(Cheang et al. 2022). Morcos et al. (2021) produced UIO-
66 and UIO-67 using terephthalic acid and 4,4′-biphenyl-
dicarboxylic acid as the appropriate organic linkers, and 
the adsorption quantities were 48.7 mg/g and 55.8 mg/g, 
respectively. Because of its larger specific surface area and 
more adsorption-friendly pore size and volume, the longer 
organic linker chain may be the reason for UIO-67’s slightly 
higher adsorption capacity. It is reasonable to assume that 
physical adsorption will thus be predominant throughout 
the procedure. Unexpectedly, the native MOFs’ adsorbent, 
MOF-5, displayed a remarkable capacity for adsorbing 
Pb(II), reaching 658.5 mg/g at the optimal pH of 5.0. The 
Zn2+ in the Zn4O complex in the adsorbent coordinated with 
the O atoms of the water throughout the adsorption process 
due to electrostatic or van der Waals interactions. As a result, 
benzoate ions were liberated and combined with Pb(II) to 
effectively remove the metal (Rivera et al. 2016).

At pH = 7.0, ZIF-8 nanoparticles only successfully 
adsorb 60.03 mg/g of As+5 and 49.49 mg/g of As+3, respec-
tively (Jian et al. 2015). Two variables mainly cause the low 
capture levels. The adsorbent cannot withstand acidic con-
ditions, which is the first factor. At a pH of 2.0 to 6.0, the 
adsorbent gets dissolved, releasing Zn+2 into the solution and 
diminishing the adsorption of arsenic. Second, owing to the 
adsorbent’s minor electropositive property, electrostatic con-
tact is hardly detectable under neutral conditions. As(V) has 
a larger capacity for adsorption than As(III) because it has 
a more substantial negative charge, which shows that elec-
trostatic interaction significantly affects ZIF-8 adsorption. 
While As(V) and As(III) capture quantities of 68.21 and 
205 mg/g, respectively, He et al. UIO-66’s demonstrated the 
opposite adsorption effects of arsenic, in contrast to ZIF-8 
(He et al. 2019). With UIO-66, As(V) and As(III) may form 
bidentate mononuclear and binuclear complexes, respec-
tively, and chemisorption is the key catalyst for the reac-
tion. The two investigations show that a superior adsorption 
outcome may be obtained when chemisorption dominates 
the process. The dominance of chemisorption considerably 
improves the adsorption action and results in the capture of 

124 and 128 mg/g, respectively, of As(V), as was previously 
seen in MIL-101(Fe) and MIL-101(Al) (Cai et al. 2018).

Pristine MOFs have also demonstrated exceptional per-
formance for Cr(VI) removal; for example, UIO-66 has a 
36.4 mg/g uptake capacity for Cr+6 at pH 3. At this pH, 
the adsorbent has shown a positive charge which contrib-
uted to electrostatic interaction with Cr(VI), resulting in 
high adsorption capacity, as reported by Wang et al. (2017). 
Although MIL 101(Cr) showed swift adsorption kinetics 
and achieved adsorption equilibrium within 30 min, the 
uptake capacity was only reported to be 40.34 mg/g for Cr+6 
removal (Liu et al. 2020a, b, c). Another pristine MOF MIL-
101(Fe) with a high positive charge at pH = 2 was hypoth-
esized to remove Cr(VI) with electrostatic interaction at pH 
= 02 as Cr(VI) occurs as Cr2O7

2− and HCrO4
− but was only 

capable of removing 30.45 mg/g of Cr(VI) (Forghani et al. 
2020). These studies suggest that pristine MOFs are ineffi-
cient for chromium removal from wastewater, which needs 
further modification to improve their adsorption capacity.

Table  1 summarizes the performance of the pristine 
MOFs as adsorbents for heavy metals. An extensive litera-
ture review shows that pristine MOFs are inefficient heavy 
metal adsorbents despite their high surface area and tun-
able properties. This could be because of insufficient bind-
ing groups available on these MOFs although MOFs have 
shown exceptional performance in gas separation, which 
mainly depends on their surface area and pore character-
istics, which is not the case in heavy metal removal. An 
efficient adsorbent for heavy removal must have sufficient 
adsorption favorable groups and be hydrated enough to make 
bonds with water.

Functionalized MOFs

Physical adsorption predominates since the performance of 
virgin MOFs often hinges on the surface properties (such 
as area and pore characteristics). Nonetheless, introduc-
ing organic ligands containing many adsorption-favorable 
sites can enhance the adsorption properties of pure MOFs. 
By grafting thiourea and tetrahydropyran (THP), Yin et al. 
improved the ZIF-90, which resulted in a decrease in surface 
area compared to the original ZIF-90 (1222 to 600 m2/g with 
THP and 212 m2/g with THF). The organic ligands provided 
appropriate favorable binding sites with N, O, and S, and 
they nevertheless showed outstanding adsorption kinetics, 
with a Hg(II) adsorption capacity of 596 mg/g (THP) and 
403 mg/g (THF) (Yin et al. 2018). The mercury mitigation 
from wastewater has improved significantly after adding 
-NH and -SH functional groups to the original MOFs. For 
instance, Ji et al. (2022), by grafting thioglycolic acid onto 
MOF-808 with a moderate surface area of 636 m2/g, added a 
thiol functional group, removing more than 99% of the Hg+2 
from wastewater and displaying a maximum adsorption 
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capacity of 977.5 mg/g. The MOF-808 and MOF-808-SH’s 
structure and SEM micrographs are depicted in Fig. 4. The 
key adsorption site was identified by the XPS spectra as the 
-SH group, and excellent selectivity was achieved by selec-
tive inner sphere coordination with Hg+2 (Ji et al. 2022). 
Chai et al. modified the UIO-66 by introducing the -NH2 
functional group to produce UIO-66-NH2, which captured 
the Hg+2 due to the bond between NH2 and Hg(II) with an 
adsorption capacity of 480 mg/g. Further improving the 
Hg(II) adsorbability, UIO-66-NH2 was modified with glu-
taraldehyde and 4,6-diamino-2-mercaptopyrimidine, dem-
onstrating an exceptional uptake capacity of 822 mg/g. The 

XPS and DFT calculation revealed that the bond between 
Hg(II) and S and N was the main reason for high adsorption, 
with S as a dominant site for adsorption (Chai et al. 2022).

Carboxyl-functionalized MIL-101 (MIL-101-(COOH)2) 
was prepared by Cheang et al. (2022) to improve the uptake 
capacity of pristine MIL-101 for effective removal of Pb(II) 
from aqueous feed. The modified MIL-101-(COOH)2 
demonstrated a 468 mg/g adsorption capacity, almost 12 
times more than the uptake capacity of virgin MIL-101 for 
Pb(II), because of the presence of carboxylic acid (Cheang 
et al. 2022). Using the one-pot method, MOF-MA was pre-
pared by reacting ZrCl4 with mercaptosuccinic acid, which 

Table 1   Performance summary of pristine MOFS for HM ion removal from wastewater

Adsorbent Pollutant Surface area 
(m2/g)

Maximum adsorption 
capacity (mg/g)

Mechanism Ref

UIO-66 Hg(II) 602.18 36.45 Surface complexation and physisorption Ding et al. (2018)
Pb(II) 846.8 48.7 Morcos et al. (2021)
As(V) 485.9 68.21 Electrostatic interaction He et al. (2019)
As(III) 205

ZIF-90 Hg(II) 1222 47 Surface complexation and physisorption Yin et al. (2018)
MIL-101(Cr) Hg(II) 3026 75 - Liang et al. (2018a, b)
UIO-67 Pb(II) 2011.4 55.8 Surface complexation and physisorption Morcos et al. (2021)
MIL-101(Fe) Pb(II) 335 40.5 Electrostatic interaction Cheang et al. (2022)

As(V) 1369.6 124 Coordination Cai et al. (2018)
MIL-101(Al) As(V) 1370.4 128 Coordination Cai et al. (2018)
MOF-5 Pb(II) - 658.5 Surface complexation Rivera et al. (2016)
MIL-53(Al) As(V) 920 105.6 H bonding

Electrostatic interaction
Li et al. (2014)

As(III) 1070 69.39 Electrostatic interaction Chowdhury et al. (2018)

Fig. 4   a Schematic structure of 
MOF-808 and MOF-808-SH 
and SEM micrographs at 500 
nm scale of b MOF-808 and c 
MOF-808-SH (Ji et al. 2022)
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demonstrated remarkable uptake capacity for both Pb(II) and 
Hg(II), which was estimated to be 510 mg/g and 1080 mg/g, 
respectively. The adsorption mechanism was unveiled using 
XPS, which shows that the coordination and electrostatic 
played a critical part in the pollutants’ adsorption (Wang 
et al. 2020). Zhong et al. modified copper-based MOF (Cu-
BTC) by adding 4-thioureidobenzoicacid (Th), imparting 
-NH2 and =S functional group in MOF. The modified MOF 
exhibited a 732.86 mg/g uptake capacity for Pb+2. Never-
theless, the amount of Th needs to be smartly optimized. 
The higher amount could negatively impact the performance 
(Zhong et al. 2022).

MOFs have also been widely studied for arsenic removal 
from water. Face-centered cubic unit topology SUM-8 
(hexanuclear Zr-oxo) was prepared by covalent coupling 
of in situ nitroso groups. The prepared MOF demonstrated 
nearly 152.52 mg/g, mainly due to the complexation between 
arsenic ion with -OH and -Zr-oxo node or by replacing 
Zr bounded carboxylate forming As-O-Zr. Zr-oxo nodes 
played a dominant role in removing As (Song et al. 2022). 

Functionalized Zn-MOF-74 was synthesized to remove 
As(III) and As(V) from model wastewater, which demon-
strated an adsorption capacity of 325 mg/g and 211 mg/g 
for As(V) and As(III), respectively. This high adsorption 
capacity was due to the coordination interaction between 
Zn+2 ions with H2AsO4

− and H2AsO3
− forming Zn-O-As, 

as revealed by XPS (Yu et al. 2019). Gu et al. function-
alized the MOF, making it a bimetallic MOF effective for 
adsorbing pollutants. These bimetallic nanospindle MOFs 
(Fig. 5) were produced by reacting terephthalic acid with 
Fe/Mg ions. Changing the molar ratio of the Fe/Mg struc-
ture of the corresponding MOF and adsorption performance 
can be controlled. The optimized MOF, with a 0.5 Fe/Mg 
molar ratio, exhibited an excellent adsorption capacity of 
303.6 mg/g. This exceptional performance was mainly 
due to the active sites generated by the bimetallic center 
node enabling swift adsorption kinetics (Gu et al. 2019a). 
Another bimetallic MOF was prepared by Sun et al. (2018a, 
b) using Fe/Co = 2/1, producing Fe2Co1 MOF-74, which 
exhibited high adsorption capacity of 266.52 and 292.2 

Fig. 5   FESEM micrographs 
of a Fe-MOF, b Fe/Mg-MIL-
88B(2), c Fe/Mg-MIL-88B 
(1), d Fe/Mg-MIL-88B (0.5), e 
TEM micrograph, and f EDX 
mapping of Fe/Mg-MIL-88B 
(0.5) (Gu et al. 2019a)
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mg/g for As(III) and As(V), respectively. This was because 
of the electrostatic interaction and coordination of metal-
hydroxyl and metal-oxygen groups with arsenic ions (J. Sun 
et al. 2018a, b). Fang et al. (2023) did the post-synthetic 
modification of MIL-101(Fe) with an amino group to pro-
duce NH2-MIL-101(Fe) to remove arsenic ions from river 
water samples, which showed an adequate performance with 
adsorption capacity of 147.7 and 153.4 mg/g compared to 
82.8 and 131.2 mg/g for As(V) and As(III), respectively. The 
XPS revealed that the adsorption was due to the complexa-
tion between Fe and As, as NH2 increases the iron content. 
Surprisingly the -NH2 and As(V) electrostatic interaction 
was the primary reason for adsorption.

Xingyue et al. prepared rhombic dodecahedral cobalt-
based-zeolitic imidazole framework (ZIF-67) with a 1676 
m2/g surface for chromium remediation from wastewater. 
Adsorbent demonstrated fast adsorbate uptake kinetics and 
reached equilibrium within 20 min. The adsorption was 
mainly governed by electrostatic interaction as the adsorbent 
possess positive charge in acidic conditions which attract 
the anionic chromium. Despite the large surface area, the 
maximum uptake capacity was observed to be 15.4 mg/g. 
This low adsorption capacity could be attributed to the 
lack of presence of chelating groups on the surface of the 
adsorbents. Surface functionalization with chelating groups, 
mineralization, composite formulation, and carbonization 
are common modification adopted by the researchers to fur-
ther increase the absorptivity of the MOFs (Li et al. 2015). 
Nasrollahpour et al. functionalized MIL-100(Fe) with acidic 
chloroaluminate ionic liquid (IL). The functionalization 
although reduces the surface area of the MIL-100(Fe) from 
2352 to 1451 m2/g increased the adsorbate uptake capacity 
9 times (from 30 to 286 mg/g) compared to virgin MIL-
100(Fe). This high adsorption capacity is due to the presence 
of IL sites, π orbitals of organic sites, polarized OH, and 
functional groups on the surface of the adsorbents. Miner-
alization is another technique used to improve the surface 
functionality of MOFs (Nasrollahpour and Moradi 2017). 
Fang et al. utilized HF, TMAOH, and Na2CO3 as a mineral-
izing agent to further improve the adsorption capacity of the 
MIL series of the MOFs. Na2CO3 was observed to be the 
best mineralizing agent. The adsorption capacity indicates 
that mineralizing process is not a promising technique to 
improve the adsorption capacity of the MOFs compared to 
the addition of chelating groups, as the MIL-100(Fe) min-
eralized with Na2CO3 demonstrated 45 mg/g of maximum 
adsorption capacity compared to 30 mg/g of virgin MIL-
100(Fe); however, mineralization process has improved the 
physiochemical properties of the MOFs compared to IL 
functionalization (Fang et al. 2018). UiO series of MOFs 
have not demonstrated much improvement in adsorption 
capacity with surface functionalization. For example, Uio-
66 which contains hexanuclear zirconium cluster linked with 

terephthalates was utilized as an adsorbent for aqueous chro-
mium remediation and showed an adsorption capacity of 35 
mg/g with a surface area of 800 m2/g, whereas amino-func-
tionalized Uio-66 (Uio-66-NH2) showed uptake capacity of 
32 mg/g with 710.3 m2/g. The reason behind this is yet unex-
plored (Wu et al. 2018). Carbonization is another method 
reported in the literature to effectively remove the Cr(VI) 
from aqueous solution. Carbonized MOFs are converted into 
metal-carbon nanocomposites after the carbonization which 
effectively remove the Cr(VI) through electrostatic attraction 
and reduction of Cr(VI) to Cr(III) followed by precipita-
tion of Cr(III) on the surface of the adsorbent. For example, 
Wang et al. did the pyrolysis of MIL-100(Fe) at different 
temperatures (700–900 °C) to produce nanoscale zero-valent 
iron (nZVI) functionalized porous carbon. The Fe–O clusters 
of Mil-100(Fe) were reduced to nZVI by in situ method. 
The developed adsorbents demonstrated dramatic increase 
in adsorption capacity (234 mg/g) compared to virgin MIL-
100(Fe) (30.5 mg/g). However, the kinetics of adsorption 
was observed to be slow compared with MIL-100(Fe) (18 h 
vs 3 h) which could be because of chemical reduction of the 
Cr(VI) to Cr(III) and precipitation of Cr(III) on the surface 
of the adsorbent (Wang et al. 2018a, b).

Table 2 summarizes the performance of functionalized 
MOFs. The literature review revealed that imparting func-
tional groups in MOFs can surprisingly improve the adsorp-
tion of the MOFs.

MOF composites

Carbonous materials such as graphene oxide and carbon 
nanotubes have demonstrated good adsorbability for HM 
ions (Nasser Abdelhamid et al. 2023). These materials pro-
vide a base to prevent particle agglomeration and improve 
repulsive force within the structure of the MOFs, which 
increases the stability while providing more active sites 
for adsorption when combined with MOFs to form com-
posites (Liu et al. 2023). The composite of graphene oxide 
(GO) and MIL-53(Al) was prepared using the hydrothermal 
method which was explored for Pb(II) removal wastewater. 
The addition of GO in MIL-53(Al) increases by almost 18% 
surface area compared to pristine MIL-53(Al). It provides 
epoxy and hydroxyl functional groups to the precursor MOF 
increasing its adsorption capacity to 232 mg/g (Pb(II)) due 
to the coordination bond between Pb2+ with -OH and epoxy 
(Chowdhury et al. 2021). Wang et al. (2019a, b) prepared 
the composite of ZIF and GO by growing ZIF-8 on GO, 
which enables ZIF nanoparticles to be effectively dispersed 
on GO making it conducive for metal ion removal. The 
adsorption performance revealed that the composite could 
effectively remove Pb2+ with a maximum adsorption capac-
ity of 356 mg/g due to the synergistic effect of GO and ZIF 
(J. Wang et al. 2019a, b). Other graphene derivatives have 
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also been utilized, but the most notable is reduced graphene 
oxide (rGO), which is well known for its easy synthesis and 
ultra-thin 2D structure (Ge et al. 2013). To remove arsenic 
(As(III) and As(V)), the composite of rGo and MIL-100(Fe), 
which was intercalated oxidantt δ-MnO2 for preparation of 
MIL-100(Fe)/rGO/ δ-MnO2. The composite demonstrated 
the maximum adsorption capacity of 192.6 mg/g and 162 
mg/g for As3+ and As5+, respectively (Ploychompoo et al. 
2020). The higher adsorption for As3+ was due to the coor-
dination of As3+ with δ-MnO2 to form Mn-O-As and oxida-
tion of As(III) to As(V), whereas As5+ cannot be oxidized. 

Reduced graphene oxide acting as a carrier to disperse MIL-
100(Fe) and δ-MnO2 increases the electrostatic interaction 
due to the active pores’ provision and promotes Mn oxida-
tion (Ploychompoo et al. 2020).

The composite formulation of the MOFs with polymers 
has also improved the adsorption properties. The nanocom-
posite of polyacrylonitrile (PAN) and MOF-808 (Zr-based 
MOF) was prepared, demonstrating 225.05 mg/g adsorp-
tion capacity for Cd2+. This exceptionally high adsorption 
was due to the electrostatic interaction of Cd2+ with com-
posite (Efome et al. 2018). Chitosan has recently emerged 

Table 2   Performance summary of functionalized MOFS for HM ion removal from wastewater

Adsorbent Pollutant Surface 
area 
(m2/g)

Maximum  
adsorption  
capacity (mg/g)

Mechanism Ref

ZIF-90-THP Hg(II) 600 596 Surface complexation Yin et al. (2018)
ZIF-90-THF 212 403
UIO-66-NH2 721 480 Electrostatic interaction

Surface complexation
Chai et al. (2022)

UIO-66-DMP 513 822
MIL-101(COOH)2 Pb(II) 184 468 Surface complexation Cheang et al. (2022)
SUM-8 AS(V) 3268 152.52 Coordination with unsaturated sites Song et al. (2022)
NH2-MIL-88(Fe) AS(V) 238 125 Complexation Xie et al. (2017)
MOF-MA Pb(II) 296 510 Electrostatic interaction

Complexation
Wang et al. (2020)

Hg(II) 1080
IL-MIL-100(Fe) Cr(VI) 1451 285.71 Electrostatic interaction

Complexation
Nasrollahpour and Moradi (2017)

BUC-17 - 245 Ion exchange
Complexation

Guo et al. (2019)

MOR-2 354 194 H bonding
Ion exchange

Rapti et al. (2017)

ZJU-101 561 245 Ion exchange Zhang et al. (2015)
CoxFe3-xO4 As(III) - 119.1 Metal-oxygen bonding

complexation with OH and electrostatic 
interaction

Gopi et al. (2023)

Pb(bcabsaby) As(V) - 25.51 π-π electron transition Zhang et al. (2023)
ZrFc-MOF As(III) 304.66 59.95 Coordination

oxidation
Li et al. (2023)

ZrFc-MOF/PMS As(III) - 11.34
EDA-HKUST-1 Pb(II) 930.1 Complexation with NH2

Electrostatic interaction with -OH
Ion exchange

Ren et al. (2023)

MOF-DFSA Pb(II) 216.68 349.09 Electrostatic interaction and chelation effect 
of -N and -OH

Surface diffusion

Wang et al. (2023)
Cr(VI) 188.12

UiO-66(Zr)-A.T Hg(II) - 691 Complexation with -SH and -N Lam et al. (2023)
UiO-66-NH2 Cr(VI) 1420 610.2 Surface complexation Long et al. (2023)
MIL-125-HQ Cr(III) 1074 53.9 Coordination and Surface complexation Abdelhameed et al. (2019)

Pb(II) 262.1
MIL-88-SH Hg(II) 7.2 45.6 Chelation effect of -SH Singh et al. (2021)
UiO-66-EDTMPA Pb(II) 130.88 558.7 H bonding

Coordination with O and N atoms
Yan et al. (2022)

NH2-MIL-101(Fe) As(V) 1725.7 147.7 Complexation Fang et al. (2023)
As(III) 153.4
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as natural polymer widely utilized for MOF composite 
development due to the presence of -OH and -NH2 func-
tional groups, which can provide additional active sites for 
adsorption (Li et al. 2020; Liang et al. 2018a, b; Wang et al. 
2016a, b). Nevertheless, chitosan in its raw form shows 
poor adsorption properties because of instability and tend 
to agglomerate in water. But by addition of inorganic mate-
rial in chitosan polymer, the adsorption characteristic can be 
improved (Fu et al. 2017). The stability of the chitosan can 
be enhanced by composite formation which also supports 
mass transfer through porous structure (Q. Liu et al. 2020a, 
b, c). For example, Samuel et al. prepared a composite of 
MOF with graphene oxide and chitosan (GO-CS@MOF) for 
Cr(VI) adsorption. Graphene oxide and chitosan provided 
the NH2 and OH functional, which improved the adsorp-
tion capacity to 145 mg/g despite their low surface area of 
37 m2/g in acidic conditions (pH = 3). This high adsorbate 
uptake capacity can be attributed to the protonation of NH2 
to NH3 at acidic pH, which helps to adsorb HCrO4 chromium 
ions through electrostatic attraction and complexation of the 
chelating group with chromium ion (Samuel et al. 2018). 
Beads can effectively enhance the interaction pollutants with 
metal ion which facilitates their removal. Omar et al. pro-
duced the magnetic microbeads of aminated chitosan with 
Fe3O4 (to impart magnetic properties) and ZIF-67 for Cr6+ 
removal. The produced showed an adsorption capacity of 
119.05 mg/g, mainly because of the protonation of -NH2 at 
low pH and electron donor group of -OH and -NH2 at the 
surface help reduction of Cr6+ to Cr+3 (Omer et al. 2021).

Separating the MOFs after the adsorption process is a 
tedious job and possibly creates secondary pollution, add-
ing another demerit to the account of MOFs. To overcome 
this issue, the researcher attempted to develop the magnetic 
composite to ease the separation of the MOFs from aque-
ous solution using the magnetic separation technique. For 
example, Yang et al. prepared a MIL-100(Fe) composite 
with Fe3O4 using the in situ method, which yielded a core 
shell microstructure with a mean diameter of 350 nm and 
50-nm-thick MOF layer. The developed adsorbent demon-
strated maximum adsorption in acidic conditions; at pH 
= 2, the adsorption capacity was observed to be 18 mg/g, 
which is very low compared to other developed compos-
ite MOFs, but obviously, the separation of the spent adsor-
bent was easily and did not generate any secondary pollu-
tion (Yang et al. 2016). Utilizing the same concept and to 
improve the adsorbate uptake capacity of the magnetic MOF 
composite, Mahmoud et al. attempted to functionalize the 
magnetic composite of the MIL-88A(Fe) and Fe3O4 with 
-NH2 functional group using 3-aminopropyltrimethoxysilane 
(APTMS) employing microwave green process. The result-
ant functional adsorbent demonstrated a 1092.2 mg/g maxi-
mum adsorption capacity, the highest capacity reported for 
chromium adsorption using MOFs (Mahmoud et al. 2020). 

Huang et al. prepared a supermagnetic composite of Fe3O4 
with UIO-66, whose terephthalic acid was replaced with 
mercaptoacetic acid using solvent-assisted ligand exchange. 
The obtained showed a maximum adsorption capacity of 282 
mg/g for Hg2+ with swift kinetics; this was mainly because 
of the presence of thiol group. The composite demonstrated 
exception selectivity and reproducibility as well (Huang 
et  al. 2016). Another magnetic composite prepared by 
encapsulating Fe3O4 in in situ TMU-32 to improve the sur-
face charge followed urea functional group decoration. This 
composite demonstrated an exceptional adsorption capacity 
of 1600 and 905 mg/g for Pb(II) and Hg(II) ion, respec-
tively. This high adsorption performance can be attributed 
to the electrostatic interaction of positively charged Hg(II) 
and P(II) ions with negatively charged Fe3O4@TMU-32 
(Abdollahi et al. 2020).

Silica nanoparticle embeddation into MOFs to form nano-
composites has also shown positive results. For example, 
Worood et al. developed a composite of amino-function-
alized Uio-66 with silica gel; silica gel was utilized as a 
porous solid support to improve the efficiency of the pack-
ing of the column and contact time of the adsorbent sol-
ute. Results demonstrated that the silica had increased the 
adsorption capacity from 32 mg/g (for Uio-66-NH2) to 277.4 
mg/g (with silica), with an almost similar surface area of 730 
m2/g. This adsorption is because the porous silica did help 
to stop the blockage of the pores of the adsorbent before 
the utilization of active sites, which was the case with Uio-
66-NH2 (El-Mehalmey et al. 2018). Table 3 summarizes the 
adsorption performance of MOF composites.

MOF regeneration and water stability

The stability of MOF in water is generally considered an 
essential factor that controls their application in wastewater 
remediation. It is estimated through different factors such as 
acid resistance, the changes in structure that occurred after 
adsorption, the time in the water, and the number of recy-
cling cycles (G. Lin et al. 2023a, b). Nevertheless, limited 
relevant literature is available, particularly concerning the 
long-term stability evaluation of MOF in wastewater. The 
primary factor governing the MOFs’ stability is the coor-
dination bond of metal and organic ligands (Canivet et al. 
2014). Most virgin MOFs face challenges due to low tenacity 
underwater (X. Liu et al. 2020a, b, c). The MOF-5 is a typi-
cal example of an unstable MOF. Greathouse et al. observed 
the stability of the MOF-5 in water, where they found that 
the MOF-5 can maintain its structure at low water content 
but eventually collapse at high water content (Greathouse 
and Allendorf 2006). Moreover, the MOF-5 lost almost 
9.78% Zn(II) after the adsorption of Pb(II) ions, as revealed 
in experimentation conducted by Rivera et al. (2016). Jian 
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Table 3   Performance summary of MOF composites for HM ion removal from wastewater

Adsorbent Pollutant Surface 
area 
(m2/g)

Maximum  
adsorption  
capacity (mg/g)

Mechanism Ref

GO-COOH/MOF-808 Pb(II) - 157.78 π-π stacking
Ion exchange
Electrostatic interaction
Complexation

Xie et al. (2023)

ZIF-8@ALG-PEI aerogel Pb(II) 295.99 Surface complexation of -O 
and -N

Electrostatic interaction

Guo et al. (2023)

CMC/SA/PEI/ZIF-67 Cr(VI) 40.1 145.47 Reduction
Electrostatic interaction
Complexation with -NH2 and 

-OH

Lin et al. (2023a, b)

MIL-125-NH2@TH@FP Hg(II) - 182.8 Surface complexation
Electrostatic interaction

Munshi et al. (2023)
Cr(III) 109.7

ZIF-8/chitosan-g-PNVCL Cr(VI) - 269.2 Ion exchange
Surface complexation

Bahmani et al. (2019)
As(V) 258.5

In2S3@MIL-101 Hg(II) 1476 518.2 Coordination of Hg-S Liang et al. (2018a, b)
Uio-66@ABs Cr(VI) - 20 H bonding

Electrostatic interaction
Daradmare et al. (2021)

Uio-66-NH2@silica Cr(VI) - 277.4 Ion exchange El-Mehalmey et al. (2018)
ZIF-67@MIM/CA Cr(VI) 463.1 14.5 Ion exchange

Coordination
Hou et al. (2018)

Chitosan/MOF Cr(VI) - 93.6 Coordination Wang et al. (2016a, b)
Fe3O4@Uio-66@Uio-67/CTAB Cr(VI) 115.94 932.1 Electrostatic interaction Li et al. (2020)
Zn-MOF/chitosan (ZnBDC/

CSC)
Cr(VI) 16.28 225 π-π stacking

Electrostatic interaction
Niu et al. (2021)

Fe3O4/ZIF-67@AmCs Cr(VI) 220.76 119 Electrostatic interaction
Reduction by NH2

Omer et al. (2021)

Cu(tpa).GO Pb(II) - 88 π-π stacking
Coordination

Rahimi and Mohaghegh (2017)

Fe3O4@ZIF-8 Pb(II) 724.7 719.42 Ion exchange
Coordination

Jiang et al. (2021)

GO-CS@Zn-MOF((ZnBDC)
(DMF))

Cr(VI) 37 144.92 Electrostatic interaction Samuel et al. (2018)

Cr-MOF/activated carbon Pb(II) 2440 127 Coordination Shahriyari Far et al. (2021)
Cu-MOF/Fe3O4 Pb(II) 35.4 219 Coordination Shi et al. (2018)
LDH/MOF HNC Cr(VI) 1282 733 Electrostatic interaction Soltani et al. (2020)
Fe-BTC/polydopamine Hg(II) 2324 1634 Coordination Sun et al. (2018a, b)

Pb(II) 394
Zr-BDC-(NH2)2@polyethersul-

fone
Cr(VI) 372 208 Reduction Valizadeh et al. (2020)

Chitosan/MOF(Ni-MOF and 
Cu-MOF)

Cr(VI) 93.6 Coordination Wang et al. (2016a, b)

CGUNCM Pb(II) 363.9 555.56 π-π stacking Hu et al. (2022)
(PAN)-Uio-66-(COOH)2 Pb(II) - 254.5 Surface complexation Zhang et al. (2022a, b)
Zn-MOF-74/rGO/PAM As(III) 81.1 282.4 Coordination and surface com-

plexation
Ploychompoo et al. (2021)

CHS@Cu3(BTC)2-DMTZ Hg(II) 865 627.6 Coordination with -SH and -N 
with Hg(II)

Zhang et al. (2021)

Fe3O4@DTIM-MOF@SH Hg(II) - 756.9 Chelation eeffect of sulfhydryl 
group

Li et al. (2022)
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et al. (2015) showed that ZIF-8 can effectively only in neu-
tral conditions; as the pH decreases, it gets dissolved, and 
the dissolution increases with the decrease of pH. Following 
the Lewis acid-base theory, stable MOF can be produced. 
For example, hard bases like carboxylate-base ligands can 
be reacted with hard acids like Cr(III), Al(III), and Fe(III). 
Examples of some of the MOFs produced according to this 
theory are MIL-53, MIL-100, and MIL-101 (Feng et al. 
2018). These MOFs have demonstrated tremendous water 
stability. Particularly, MIL-53(Al) showed high resistance to 
hydrolysis in both acidic and neutral conditions (Qian et al. 
2013); moreover, MIL-100(Fe) retained the crystallinity in 
the 2-12 pH range (Feng et al. 2018).

Limited data on the regeneration of the spent MOFs after 
the adsorption of the HM ions is available, and the outputs 
indicate that MOFs can be reused/regenerated by nitric acid 
or sodium hydroxide treatment (Gu et al. 2019b; Liu et al. 
2018; Ploychompoo et al. 2020). For instance, diluted solu-
tions of NaOH and HCl have been widely used for MOFs 
utilized for chromium removal (Fang et al. 2018; Forghani 
et al. 2020; Z. N. Liu et al. 2020a, b, c; Mahmoud et al. 
2020). MOF spent for Pb(II) can be regenerated by desorb-
ing Pb using EDTA-2Na and HCl, which have shown prom-
ising results (Luo et al. 2015; Mahmoud et al. 2020; Minh 
Thanh et al. 2018; Wang et al. 2018a, b). The literature has 
revealed that acidic solutions containing thiourea can effec-
tively regenerate MOFs (Luo et al. 2016; Singh et al. 2021; 
H. Zhang et al. 2022a, b; Zhang et al. 2019).

Adsorption mechanism

Understanding the adsorption mechanism is essential for 
adsorbent designing and optimizing the adsorption process 
(Ighalo et al. 2022). For MOFs, typically, the adsorption 
process involves physisorption and chemisorption. 
Physisorption is majorly due to the van der Waal forces 
between the adsorbent and adsorbate, which do not change 
the inherent properties of the adsorbate, and the adsorption 
energy is low, which cannot generally hold the pollutant 
long. The porosity, surface area, and pore characteristics 
are active factors that govern physical adsorption (Joseph 
et al. 2019). In contrast, chemisorption involves the bond 
formation between the active sites of adsorbent and 
adsorbate by electrostatic interaction, hydrogen bonding, π-π 
stacking, or surface complexation (Healy et al. 2020). The 
commonly used adsorption isotherm models like Langmuir 
(Armbruster and Austin 1938), Freundlich (Abbasi et al. 
2022; Haghseresht and Lu 1998), Temkin (Al-Ghouti and 
Da’ana 2020), Sips (Lin et al. 2023a, b), and Redlich and 
Peterson (Saadi et al. 2015) can only explain the adsorption 
type at the macroscopic level without clarification on the 

interaction between the adsorbent and adsorbate (G. Lin 
et al. 2023a, b). Thus, the deep analysis of the adsorption 
mechanism is critical in understanding the MOFs’ 
performance, which can be done by characterizing the spent 
MOF using XPS, SEM, and FTIR. The following sections 
will delineate the possible interaction of MOF and heavy 
metal ions (illustrated in Fig. 6).

Electrostatic interaction

Electrostatic interaction is a ubiquitous phenomenon in 
adsorbing heavy metals onto MOFs, mainly driven by the 
electrostatic attraction force between oppositely charged 
adsorbent and adsorbate (Tchinsa et  al. 2021). The pH 
of the wastewater or the nature of the targeted pollutant 
significantly controls the overall net surface charge of the 
MOF being utilized for pollutant remediation. Typically, the 
lower the pH, there is considerable chance that the adsorbate 
is going to be positively charged due to the protonation. In 
contrast, most of the adsorbents are prone to be negatively 
charged. The net surface charge on the MOF surface 
facilitates the proton exchange between the MOF and the 
targeted pollutant, thus enhancing electrostatic interaction 
and adsorption performance (Amenaghawon et al. 2023). 
Zeta potential is considered the most influential factor 
that can decide the surface charge of the MOF at different 
pH of the wastewater (Amin 2009) and can drive the 
electrostatic interaction. For instance, the result of the zeta 
potential of nFe3O4@MIL-88A(Fe), as shown in Fig. 7b, 
demonstrates that the MOF is positively charged at low pH 
due to the protonation of NH2 to NH3

+, which facilitates 
the electrostatic interaction of MOF with Cr2O7

− giving 
adsorption capacity at pH 1 as shown in Fig. 7a (Mahmoud 
et al. 2020). Another example is Fe3O4@TMU-32 which was 
utilized for mercury ion removal from wastewater. The MOF 
possessed a negative charge at a pH higher than 4.1 because 
it showed maximum adsorption capacity at pH due to the 
electrostatic interaction between the negatively charged 
MOF and positively charged mercury ion (Abdollahi et al. 
2020).

Hydrogen bonding

As reported in the literature, hydrogen bonding between 
adsorbate and MOFs considerably stimulates the adsorption 
capacity of the MOFs (Amenaghawon et  al. 2023). As 
reported by Yoskamtorn et  al. (2021), the addition of 
hydrogen bond functionality in the structure of MOF 
significantly increases their adsorbability. The dipole-dipole 
interaction between the electronegative atoms like O, S, F, 
and N and hydrogen creates a hydrogen bond. The hydrogen 
bond generally forms between the lone pairs of the H atom 
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and electronegative atoms, as observed in fluorine-hydrogen, 
oxygen-hydrogen, or nitrogen-hydrogen (Amenaghawon 
et  al. 2023; Zhou et  al. 2017). Two types of hydrogen 
bonds have been observed: (i) hydrogen bonds existing 
between the different atoms of the same material, known as 
intramolecular hydrogen bonds, and (ii) an intermolecular 
hydrogen bond formed between the different atoms of 
different materials (Tchinsa et al. 2021). Li et al. observed 
that the As removal was enhanced because of the hydrogen 
bond between As and MIL-53(Al) (Li et al. 2014).

π‑π stacking

Π-π stacking interaction, which involves the attrac-
tion between the negatively charged MOFs and posi-
tively charged target pollutants similar to electrostatic 
interaction, is a well-known adsorption mechanism for 
heavy metal adsorption on MOFs (Park et al. 2013). 
This mechanism involves the interaction of elec-
trons of the π-system with the cationic, anionic, or 
neutral metal ion or another π-system facilitating the 

Fig. 6   Adsorption mechanism 
of heavy metals onto MOFs (H. 
Zhang et al. 2022a, b)

Fig. 7   a The effect of pH on 
the chromium adsorption by 
nFe3O4@MIL-88A(Fe) and b 
zeta potential of nFe3O4@MIL-
88A(Fe) (Mahmoud et al. 2020)
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adsorption of the target pollutant. For example, Akpi-
nar et al. (2019) demonstrated that the π-π interaction 
was the influential factor for the enhanced adsorption 
of the pollutant onto the Zr-based MOF.

Acid‑base interaction

Acid-based interaction is based on hard and soft acid base 
theory (HSAB), which explains that the hard acid will 
attract or can be easily bonded with a hard base and soft 
acid with soft bases (Pearson 1963). This interaction is vital 
in removing the heavy metal contaminant from the aqueous 
solution. MOFs with acidic (H+) or basic (-OH) have been 
observed to form bonds with the HM ions in the wastewa-
ter, ultimately improving the adsorption performance. The 
central atom with a low positive charge, high polarizability, 
and large ionic radius is considered soft acid. These atoms 
have excited external electrons readily available for cova-
lent bonds. Typically, Hg2+, Hg+, Pd2+, Cu+, and Cd2+ are 
regarded as soft acids. The opposite of these are hard acids; 
examples are Cu2+, Pb2+, and Ni2+. Functional groups like 
thiol, amino, and carboxylic are considered as soft bases. 
Several reports are reporting that acid-base interaction has 
improved the adsorption capacity. For example, Ji et al. 
(2022) reported that the interaction between the -SH (soft 
base) and Hg2+ (soft acid) was the primary reason for the 
high adsorption capacity (977.5 mg/g) of MOF-808.

Challenges and future direction

MOFs are emerging materials that have shown desirable 
results in decontaminating heavy metals from wastewater, 
as revealed in this detailed literature survey. Nevertheless, as 
demonstrated by several research reports, certain significant 
challenges continue to be encountered in the advancements 
of MOFs. Further investigation is still needed into the devel-
opment of MOFs (to improve their stability and reduce the 
usage of harmful solvents), modification (green composite 
development, reduction in cost, and improvement in func-
tionality), and improvement in understanding the adsorption 
mechanism (essential in designing the MOFs for particular 
pollutant removal) (Jeong et al. 2023). To unlock the full 
development potential of MOFS in the future, we present 
the following aspects as promising prospects:

•	 Environmental aspect: the synthesis of MOFs involves 
the usage of perilous organic solvents like N,N-
dimethylformamide, methanol, or tetrahydrofuran. The 
usage of these solvents directly affects the environment, 
which should be kept in consideration, and future 
research should be directed to eliminate the use of 

these solvents or replace them with somewhat “greener 
solvents.” Although several attempts have been made to 
reduce solvent dependency, such as using a ball mill to 
synthesize, further research is still needed to improve 
the quality, stability, and yield of MOFs using these 
techniques.

•	 Market aspect: The cost is the major constraint in upscal-
ing MOFs at the industrial level, which has been ignored 
so far (Witman et al. 2017). DeSantis et al. (2017) dem-
onstrated through techno-economic analysis that the 
production cost of MOF should be less than $10/kg to 
make the MOF synthesis process feasible. The cost of 
MOF preparation mainly depends on the organic sol-
vent used (ranging from $35 to $71 per kg of MOF) in a 
solvothermal synthesis method. Alternative techniques 
have shown their potential for price reduction, such as 
LAG (34–83% reduction) (DeSantis et al. 2017). How-
ever, these values are still far from feasible cost. Even 
reaching the feasible cost for MOF preparation will still 
make it more expensive than activated carbon ($1.44/kg) 
(Lee et al. 2018). The cost of MOF development can be 
reduced if MOFs are produced using natural and environ-
mentally friendly feedstocks. Thus, rigorous research is 
essential to improve the synthesis process and reduce sol-
vent dependency while enhancing product purity, quality, 
and desired physical properties (surface area and pore 
characteristics).

•	 Stability aspect: Stability, or in other words, water and 
acid resistance of MOFs, is crucial to their industrializa-
tion for the water treatment process. Numerous MOFs 
can only work in a mild acidic or neutral environment, 
limiting their application. To unlock the true potential of 
the MOFs for heavy metal removal, new techniques are 
critical to expand their usability in a wide range. Addi-
tionally, limited data is available on the stability of MOFs 
composite, which should be addressed in the future.

•	 Development of universal MOF: Through a detailed liter-
ature review, it has been revealed that certain MOFs only 
work for specific pollutants. No MOF has been synthe-
sized, which can simultaneously remove any heavy metal 
ions. This could be an impossible task to do. But future 
research could focus on developing MOFs by using new 
technologies that can simultaneously mitigate several 
oxyanions or cations of heavy metals.

•	 Modification: Several MOFs are produced in crystalline 
powdered form in the laboratory, which makes their han-
dling difficult. Thus, future research is needed to explore 
new techniques to convert or modify them to films and 
beads for their upscaling.

•	 Organic ligands: Commonly used organic ligands for 
MOF synthesis are carboxylic acids or imidazole. To 
further expand the classes of MOFs and enrich the prop-
erties of MOFs, new organic ligands should be explored.
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•	 Optimization: The properties of developed MOFs are 
highly reaction conditions, organic ligand, and metal 
salt dependent. While developing novel MOFs for 
HM ion remediation, suitability of functional groups 
present in metal salts and organic ligands should be 
carefully considered. As the pollutants have different 
particle sizes and physical properties, the MOFs should 
be synthesized with pore sizes greater than the parti-
cle size of the contaminant to remove them effectively. 
The pore characteristics can be controlled through reac-
tion conditions like time, temperature, pressure, and 
solvent. Therefore, future research should optimize 
these conditions to achieve the desired properties of 
the MOFs.

Conclusion

MOFs are emerging effective adsorbents for heavy metal 
remediation because of their tunable structure, excellent 
pore characteristics, facile modification, and high specific 
surface area. This article reviews the performance of the 
MOFs as adsorbents for HM ions, their synthesis, modifica-
tion strategies, adsorption mechanism, and challenges being 
faced in their commercialization in detail. Despite that, sol-
vent-based synthesis (solvothermal/hydrothermal) requires 
high temperatures for the chemical reaction; it has been a 
widely utilized synthesis method for MOFs due to its advan-
tages, like high yield, good crystal size, and facile operation. 
MOFs can easily be modified for specific target pollutants 
through post-synthesis modification or a one-pot synthesis 
strategy. MOFs’ modification has been proven beneficial for 
removing HM ions as it provides adsorption-favorable sites; 
these active sites are being utilized in bond formation with 
metal ions, thus enhancing the binding capacity of MOFs. 
This review summarizes the performance of MOFs for HM 
ions; functionalized MOF and MOF composites have outper-
formed pristine MOFs in heavy metal ion mitigation because 
they not only possess the specific functional groups (like 
-SH, -NH2, or -OH) but also have the features of the other 
material attached to them. Composite formation offers sev-
eral advantages, like exceptional stability, fast kinetics, high 
binding capacity, and magnetic properties (which ease the 
recovery of the spent MOFs), thus exploring new MOF com-
posites (making new composites with other materials like 
inverse vulcanized copolymer, which have emerged as new 
sulfur-based polymers and have shown promising mercury 
adsorption properties, can be explored for MOF composite 
formation to enhance the adsorption properties for effec-
tive removal of HM ions). Surface complexation, coordina-
tion, and electrostatic interaction have been identified as the 
primary adsorption mechanism for HM ion removal using 

MOFs. MOFs are facing several challenges for their com-
mercialization, which have been outlined in detail. Briefly, 
the challenges can be overcome by directing the research 
toward the search for alternative sustainable, green, and 
cheap organic ligands.
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