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Zeolitic imidazolate framework (ZIF-8), a type of MOF used for heavy-metal removal in aqueous solutions, as well

as its application, adsorption mechanisms, and the factors that influence its adsorption mechanism.

zeolitic imidazolate framework heavy metals sustainable

| 1. ZIF-8 Synthesis Methods

UPTOHERE 1t is recognized and established that the parameters and conditions of synthesis have a major
influence on the physicochemical properties of ZIF-8[23l. Aside from alternative synthesis routes, such as
sonochemical (which uses ultrasound radiations), mechanochemical, and microwave-assisted synthesis, there are
two traditional approaches to ZIF-8 synthesis: the solvothermal method and room-temperature synthesis®2[28l The
solvothermal process is a well-recognized method for MOFs. In ZIF-8 synthesis, it involves the reactions of
hydrated metal salt (Zn(NO3),-6H,0) and an imidazole-type ligand (2-Methylimidazole) in an amide solvent such
as methanol (CH3;0OH) or N,N-dimethylformamide (DMF), placed in a closed and tight container at an autogenous
pressure (often autoclaved) above the boiling point of the solvent, i.e., at 80-150 °Cl8l24] ynder these conditions,
amines resulting from the thermal degradation of the solvent causes deprotonation of the connecting imidazolelH
(ImH). Usually, when cooled, moderate to high yields (50-90% vyield) of ZIF-8 crystals are obtained. In 2006, Yaghi
et al. reported the first ZIF-8 synthesis using the solvothermal method2219. Several researchers have used the
solvothermal method to produce a pure-phase, water-stable ZIF-8. However, when using this method, essential
reaction parameters like concentration temperature, reaction volume, and time are crucial synthesis conditions that
need to be controlled. When these parameters are left uncontrolled, it may lead to structural defects and the
degradation of the resultant ZIF24l, The influence of synthesis conditions on the development of ZIF-8 under the
microwave-assisted solvothermal method was assessed by a study conducted by Lai et al.l22. At various
temperatures, ranging from 80 °C to 140 °C, they synthesized a series of ZIF-8 particles. Using scanning-electron
microscopy (SEM) for a surface-morphology analysis of their resulting ZIF-8 samples, their findings showed that
ZIF-8 formation can be largely affected by solvent expansion at higher temperatures and pressurel22. Therefore,
while the solvothermal approach has many advantages, time and temperature have to be strictly monitored. The
temperature change, for instance, can affect the morphology of the particles, and the extension of the reaction time

can lead to ZIF degradation[18l,

However, because of the stringent conditions required and the intense heating of toxic, polar aprotic solvents at
high temperature and pressure, which can pose dangerous health risks and other concerns, such as waste

generation, high-energy demand, and safety problems, other, greener synthesis alternatives have been explored
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that are nonsolvothermal or room temperature. The room-temperature synthesis (RTS) of ZIF-8 in an aqueous
solution has also been confirmed to be relatively sustainable2834!, Cravillon et al.2¥ conducted RTS and further
characterization of the resultant ZIF-8 by using zinc nitrate hexahydrate (Zn(NOj),-6H,0), 2-methylimidazole
(Hmin), and methanol (CH3OH) in a molar ratio of approximately 1:8:700[22. The characterization of the resultant
ZIF-8 samples yielded a pure, well-shaped, stabilized ZIF-8 nanocrystal without any auxiliary stabilizing agents or
activation (conventional heating, microwave, or ultrasound irradiation). This is shown to be more favorable than the
solvothermal method in terms of energy usage, reaction time, and safetyl?. A comparative study by
Malekmohammadi et al.23l was carried out for ZIF-8 synthesis in methanolic and aqueous solutions. In their
investigation, the influence of synthesis parameters on the crystallinity and textual characteristics of the resulting
products was also evaluated. The outcome of their study was confirmed by Cravillon et al.[22!, who found that the
sort of solvent used, crystallization temperature, and content of the linker (molar ratio) significantly influence the
phase purity of the synthesized ZIF. They obtained the highest yield of ZIF-8, at 97%, from a water solution as a
solvent and at a room temperature of 25 °C (nonsolvothermal), which was even higher than the solvothermal
method at 130 °C[23. Therefore, for a stable formation of a pure-phase crystalline structure and the textual
properties needed for practical application in contaminant removal, synthesis processes and conditions that are

easy, economical, and environmentally friendly, with a high percent yield of ZIF-8, are essential to consider39.

| 2. ZIF-8 Heavy-Metal Removal Mechanism

There is growing attention to the sustainable removal of heavy metals from aqueous solutions. Several
technologies have been employed to ensure that heavy-metal concentrations in wastewater are lowered to meet
the standards of the Environmental Protection Agency (EPA)2Y. Recently, the use of MOFs, especially ZIF-8, has
caught the attention of most scientists because of its unique characteristics, such as the high surface area, high
adsorption capacity, thermochemical stability, hydrophobicity, and sustainable room-temperature synthesisl. The
primary mechanism underlying ZIF-8 efficiency in heavy-metal removal is its high adsorption capacity. Adsorption in
wastewater treatment is a chemical or physical process that involves the accumulation of a compound
(contaminant) at the surface of an adsorbent during a natural interaction between the adsorbate and the
adsorbents!#2. In heavy-metal removal, the chemical and hydrothermal stability, and adsorption capacity of the
adsorbent are crucial for optimal removal. The adsorption capacity and removal efficiency (%) of ZIF-8, like any

other adsorbent, is usually determined by:

Adsorption Capacity

&, = (Co—Ce) xv i
m
Removal Efficiency
Ci—-C
Rg = ! % 100% 2

From Equation (1), Cy is the initial concentration, C, is the equilibrium concentration for the adsorbate in

solution, v equals the volume of solution, m is the mass (mg) of the adsorbent, and Q. is the equilibrium adsorption
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value, used to determine the adsorption capacity of the adsorbent2d. From equation (2), C; (mg/l) in the
determination of removal efficiency is the initial concentration and C; (mg/l) is the final concentration of metal ions
in the treated effluentl2Z38] The efficiency of the adsorbent is typically described using adsorption-equilibrium
isotherms as well as kinetic models. Whereas kinetic models, such as pseudo-first-order and pseudo-second-order
kinetics, describe the adsorption rate, adsorption isotherms such as Freundlich and Langmuir isotherms describe
the amount of material adsorbed per unit mass of adsorbent as a function of the equilibrium concentration32[3243],
In an experiment conducted by Zhang et al. (2016) to assess the ZIF-8 adsorption mechanism and the removal
efficiency of copper ions (Cu?*) from aqueous solutions an unexpectedly high adsorption capacity of Cu?* [800
mg/g] with fast kinetics at an adsorption time of less than 30 min was revealed, obtaining a removal efficiency of
97.2%[2. The exceptional adsorption capacity of ZIF-8 is underpinned by adsorption mechanisms such as ion-
exchange, coordination reaction, surface chemistry, and hydrophobic interactions as diagrammatically expressed
in Figure 1 [33I861 By comparing Fourier Transform Infra-Red (FTIR) spectra and X-Ray Photoelectron
Spectroscopy (XPS) before and after adsorption, Zhang et al.Zattributed the high Cu2* adsorption of ZIF-8 to the
strong coordination reaction and ion exchange between the nitrogen atoms on the Cu?* surface of the ZIF
connectors(Z. Liu et al.l2% also conducted a study using ZIF-8 for the removal of arsenite (As(lll)) and arsenate
(As(V)) in aqueous systems. They obtained a maximum adsorption capacity (Qmax) 0f 60 mg/g and 49 mg/g for
As(lll) and As(V), respectively, which was significantly higher than other adsorbents like iron chitosan flakes, iron-
coated zeolite, CuO nanoparticles, etc. compared in their study241l. Zhao et al. [22] also conducted an experiment
assessing the removal of four binary heavy metal ions (Cu?*, Ni®*, Co?* and Cd?*) from aqueous solutions by
adsorption onto ZIF-8 nanocrystals. In their study, they used ZIF-8 both as bare nanocrystals and in the formation
of a nanocomposite membrane to remove binary heavy metals. In both experiments, although ZIF-8 showed a
distinctive selectivity towards Cu?*, the adsorption capacity of ZIF-8 in the removal of these binary heavy metals
was exceptionally high22. Begum et al. B8lalso used ZIF-8 as a nanocomposite membrane with magnesium
hydroxide (Mg(OH),), graphene oxide, and amine groups for Cr(VI). They obtained a maximum removal efficiency

of 98% of Cr(VI) at an adsorption equilibrium of 4.88 mg g‘lw.
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Figure 1. ZIF-8 adsorption mechanisms for heavy-metal removal. Electrostatic interaction; Lewis acid-base

interaction2: Coordination reaction; Hydrogen bodingZ:; Diffusion[28! lon exchange interraction42/46]

In many cases, there will be more than one mechanism responsible for the high adsorptive capabilities of ZIF, such
as diffusion, hydrogen bonding, and electrostatic interactions/@24145148] | g study by Begum et al.[28l, the surface
of ZIF-8 was positively charged because =N-, -NH- and —NH, groups of imidazolate ligands were protonated in
an aqueous system, which provided an electrostatic interaction for Cr(VI) for adsorption. The bonding of hydroxyl
groups to zinc and the presence of GO and Mg (OH), also strengthened interactions with Cr(VI), further reducing it
to Cr(lll), partially. In addition, Mg?*, which was positively charged, coordinated with oxyanion, triggering
chemisorption, and provided a platform for species adsorption(28l. Zhou et al. (2019) also investigated the use of
ZIF-8 for simultaneous removal of mixed contaminants, e.g., copper and norfloxacin from an aqueous solution.
They obtained a high removal efficiency of 95.4% and 80.3% for copper and norfloxacin, respectively.
Nevertheless, they noticed that the adsorption mechanism for the mixed contaminant was mainly due to the ion
exchange for Cu (Il) adsorption, whereas electrostatic interactions, 1t-1t stacking between the imidazole ring of ZIF-
8, and the benzene ring in norfloxacin were responsible for norfloxacin adsorption#8l. Hence, depending on

conditions and constituent of wastewater, surface functional groups, surface charge, and coordination strength, one
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or more mechanisms may be found to interplay in the removal mechanism. In an experiment by Jian et al.2€, the

ZIF-8 adsorption of arsenic from aqueous solutions was mainly controlled by pore diffusion (intraparticle diffusion),

similar to the results of Huang et al.24. However, it is important to state that the effectiveness of these mechanisms

is controlled by critical operating conditions such as pH, temperature, contact time, and adsorbent features!4€!.
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