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ZIF-8 metal organic framework materials as

a superb platform for the removal and
photocatalytic degradation of organic pollutants:
a review

Aicha Elaouni,#* M. El Ouardi,®® M. Zbair, ©<® A. BaQais,® M. Saadi ©? and H. Ait
Ahsaine & *2

Metal organic frameworks (MOFs) are attracting significant attention for applications including adsorption,
chemical sensing, gas separation, photocatalysis, electrocatalysis and catalysis. In particular, zeolitic
imidazolate framework 8 (ZIF-8), which is composed of zinc ions and imidazolate ligands, have been
applied in different areas of catalysis due to its outstanding structural and textural properties. It possesses
a highly porous structure and chemical and thermal stability under varying reaction conditions. When
used alone in the reaction medium, the ZIF-8 particles tend to agglomerate, which inhibits their removal
efficiency and selectivity. This results in their mediocre reusability and separation from aqueous
conditions. Thus, to overcome these drawbacks, several well-designed ZIF-8 structures have emerged
by forming composites and heterostructures and doping. This review focuses on the recent advances on
the use of ZIF-8 structures (doping, composites, heterostructures, etc.) in the removal and
photodegradation of persistent organic pollutants. We focus on the adsorption and photocatalysis of
three main organic pollutants (methylene blue, rhodamine B, and malachite green). Finally, the key
challenges, prospects and future directions are outlined to give insights into game-changing
breakthroughs in this area.
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1. Introduction

The increase in industrial activity and development of many key
industries (agricultural, textile, and pharmaceutical) has led to
serious pollution of the ecosystem. Consequently, pollutants
including dyes, heavy metals, pharmaceuticals and agricultural
based-chemicals have been found in water."® Accordingly,
various technologies have been used for wastewater treatment
to degrade or remove these persistent organic pollutants such
as adsorption,” filtration,® membrane technology,” coagula-
tion," electrochemical oxidation'™** and photocatalytic
degradation.™¢ Besides, the transformation of concentrated or
divided contaminants into non-toxic materials is a critical issue.
Considering both energy and the economy, it is desirable to
treat pollutants through adsorption or photocatalytic
reactions.”*® Accordingly, to achieve an enhanced pollutant
removal efficiency, scientists are pursuing new materials to
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develop adsorbents and photocatalysts.”>** On account of their
large surface area, high crystallinity, chemical adaptability and
well-tuned and defined nanometer-scale cavities, metal organic
frameworks (MOFs) have been the subject of considerable
scientific research as adsorbents and catalysts.?” The structural
diversity of MOFs is attributed to the presence of metal ions and
bridging organic bonds, making them appealing materials for
the elimination of emerging organic pollutants and toxic metals
from wastewater.”>?® The zeolite-type imidazole backbone
material (ZIF) is a type of MOF having a zeolite skeleton struc-
ture, which is created upon reaction in a solvent using Co or Zn
as the metal source and imidazole as the organic ligand.”” Due
to their unique characteristics, ZIFs have been employed in
many fields since their first invention in 2006.*® ZIF-8 is
a member of the zeolitic imidazolate family, where the typical
MOF comprised of 2-methylimidazole ligands and Zn(u) has
been extensively exploited as a catalyst in diverse reactions such
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as the Knoevenagel reaction,” photocatalytic reactions® and
adsorption reactions.** ZIF-8 is also characterized by its ability
to retain its crystallinity and porosity when placed in various
solutions, such as water and organic solvents.**** In addition,
the pore size and structure of ZIF-8 are easily tunable, making it
suitable for its modification.*® Consequently, the unique
chemical characteristics and physical structure of ZIF-8 offer
a promising opportunity for its design and application in
adsorption and photocatalytic regimes, establishing it as a hot
spot for research in the removal of water pollutants.***¢ Inter-
estingly, ZIF-8 demonstrates great thermal stability owing to its
unique structure, consisting of Zn bound to imidazolate linkers.
Yaghi's group reported the preparation of a stable ZIF-8 MOF at
550 °C in a nitrogen atmosphere, which exhibited structural
stability for 7 days in boiling water. The prepared ZIF-8 also
maintained the same crystallinity and porosity after being
placed in various organic solvents and water.***”** Similarly,
Butova and coworkers reported the great thermal stability of
a ZIF MOF (400 °C in air and 470 °C in N,) in water.*® Other
studies showed that ZIF-8 prepared via a rapid sonochemical
synthesis exhibited comparable thermal and structural stability
with that prepared by conventional methods, requiring 1 day for
their preparation.*

However, ZIF-8 presents some drawbacks such as aggrega-
tion of its nanoparticles (NPs) in water, which leads to an
increase in its particle size, and therefore increased charge
transfer resistance and reduction in its interfacial area, thereby
reducing its adsorption ability.** Furthermore, due to its wide
band gap, ZIF-8 has low reactivity under visible light, and
consequently its photo-activity cannot reach the same degree of
traditional semiconductors.”” Regarding their separation and
recyclability, the separation of ZIF-8 NPs from the reaction
medium and their reusability are difficult. In addition, the need
for hybrid materials in various applications has rendered the
application of pure ZIF-8 very limited.* Thus, to overcome these
limitations, some modifications have been performed, for
example, the controllable association of ZIF-8 with other
materials to widen its light adsorption region and to reduce the
aggregation of its particles, thus guaranteeing a better adsorp-
tion and photocatalysis performance.**** Thus far, ZIF-8 hybrids
have been successfully developed, together with active mate-
rials, such as carbon nanotubes, metals, oxides, polymers,
fibers, and metal NPs.** Compared to pristine ZIF-8, ZIF-8
hybrid materials not only have improved adsorption ability
with the photocatalytic efficiency of ZIF-8, but have also
expanded the scope of application of ZIF-8. Lately, several
research projects have confirmed the validity of this combina-
tion strategy. For example, the combination of ZIF-8 with ZnO
resulted in molecule size selectivity and excellent photocatalytic
efficiency.*”*® Similarly, a ZIF-8@TiO, composite demonstrated
enhanced efficiency for the degradation of rhodamine B
(RhB).** The fibers formed by a combination of ZIF-8 with poly-
dopamine and poly-acrylonitrile (ZIF-8@PDA/PAN) showed
good flexibility and easy separation from the reactive medium
after the adsorption process.>® Compared to both neat ZIF-8 and
MoO; nanowires, the ZIF-8/MoO; composite exhibited a higher
photocatalytic ability towards the reduction of chromium(vi).**

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Thus far, many articles and reviews have discussed the
different strategies for the synthesis of MOFs and their physi-
cochemical properties.**** Nevertheless, there are limited
reviews focusing on the application of ZIF-8 hybrids in the
photocatalysis and adsorption of water pollutants. Thus, in this
review, we discuss the recent progress of ZIF-8-based hybrids in
the adsorption and photodegradation of wastewater contami-
nants (Fig. 1), with the evaluation of some representatives.

2. ZIF-8-based materials for the
removal of organic pollutants

Owing to its unique chemical and physical properties, the ZIF-8
MOF is generally implemented to effectively eliminate many
types of pollutants from wastewater as both an adsorbent and
photocatalyst.***** ZIF-8 MOFs can be synthesized using
different solvents and solvent-free methods including sol-
vothermal, hydrothermal, ionothermal, sonochemical, acceler-
ating agent, mechanochemical and direct solvent-free
procedures.” Their synthesis is dependent on specific cata-
Iytic reaction conditions. For instance, solvent-free synthesis
leads to the formation of multi-variate ZIF materials and their
pores are not partially covered by organic solvents. However, in
most cases, the orientation of the metal coordination polyhedra
can led to new zeolitic topologies with have high thermal and
chemical stability.

Nevertheless, ZIF-8 exhibits low recyclability and its specific
surface areas considerably decreases due to the aggregation and
the packing of its particles.” Consequently, the construction of
ZIF-8-based composites has been proposed to address these
problems. Thus, successful synthesis strategies were employed
to strengthen the ZIF-8 MOF in wastewater purification®"*

In the following subchapters, we review the current advances
in the use of ZIF-8-based materials as adsorbents for the

Methylene Blue

e Adsorption
¢ Photocatalysis

Malachite
Green

Rhodamine
B

¢ Adsorption
* Photocatalysis

e Adsorption
* Photocatalysis

Fig.1 Three model pollutants discussed herein using ZIF-8 structures.

RSC Adv, 2022, 12, 31801-31817 | 31803


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra05717d

Open Access Article. Published on 07 November 2022. Downloaded on 6/28/2026 7:27:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

removal of various pollutants from wastewater, focusing on
three main organic pollutants (methylene blue (MB), rhoda-
mine B (RhB), and malachite green (MG)).

2.1 ZIF-8 hybrid structures

Adsorption is the most appropriate and promising method for
the removal of several contaminants because of its simplicity,
low cost, and excellent performance. The adsorption process
efficiency is influenced by many factors such as the nature of the
adsorbent, the type of pollutant and type interactions occurring
between the sorbent and adsorbate.®**” Compared with the
traditional and commercially available adsorbent materials,
including coconut shells, layered double hydroxides (LDH), and
activated carbon, ZIF-8-based materials possess high porosity
and a large specific surface area, endowing this type of material
the ability to adsorb several molecules with various sizes.*®®*7°
The specific surface area determined for pure ZIF-8 nano-
particles varies between 1500 and 2500 m* g™, which is supe-
rior to that of other adsorbents.**”* Alternatively, in comparison
with pristine ZIF-8, ZIF-8 hybrids have shown satisfactory
results for the adsorption of organic pollutants owing to their
high adsorption capacity and better stability and
recyclability.””7* Also, the synthesis of hybrid systems based on
ZIF-8 prevents the aggregation of the adsorbent and facilitates
its separation from water.”>’® Various ZIF-8 hybrid materials
have been reported for the removal and photocatalytic degra-
dation of several pollutants in aqueous conditions. For
instance, the removal of organic dye pollutants (i.e., MB, RhB,
MG) was studied in many reports using ZIF-8 materials.>*"*
2.1.1 Adsorption of MB. Zheng et al.”” successfully devel-
oped an Fe;0,4/ZIF-8 core-shell heterostructure for the adsorp-
tion of methylene blue. The developed hybrid (Fe;O,/ZIF-8)

Fig.2 SEM images of ZnAMP (a), ZIF-8 (b) and NZIF (c

- EEEE
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showed a great specific surface area of about 1068 m”> g *
with a microporous volume of 0.39 cm® g™, achieving a meth-
ylene blue adsorption capacity of 20.2 mg g~ . Additionally, due
to the excellent magnetic characteristics of the Fe;O,/ZIF-8
composite caused by the addition of Fe;O, magnetite, the
adsorbent (Fe;O4/ZIF-8) could be easily separated from the
reaction medium and exhibited good recyclability. Alternatively,
Wu et al.”® successfully incorporated nucleotides molecules in
an imidazolate zeolite framework called ZIF-8 (NZIF) (Fig. 2).
Based on the morphological analysis, the incorporation process
resulted in the formation of a hierarchical porous structure,
which could remove several organic dyes, including methylene
blue.

The adsorption capacity achieved by the NZIF composite for
MB was 10 mg g~ ', which was 5-fold greater than that of pure
ZIF-8. This enhancement was explained by the mesoporous
nature of NZIF, which supplied more interaction sites; more-
over, the adsorption mechanism investigation revealed that the
adsorption capacity of NZIF mainly resulted from the hydrogen
bonding and - stacking between the incorporated nucleotide
monophosphate and the captured molecules. Alternatively, it
was found that the inserted nucleoside monophosphate
allowed NZIF to preserve its morphology and adsorption
capacity after the adsorption process under acidic conditions,
while ZIF-8 collapsed. Zhan et al” employed the electro-
spinning technique and a solution containing poly-acrylonitrile
(PAN) and 2-methylimidazole to fabricate a composite based on
ZIF-8/PAN. The pH and temperature effect were examined to
evaluate the performance of the ZIF-8/PAN composite for the
adsorption of methylene blue. The authors showed that with an
increase in pH to a basic value (11), the adsorption capacity was
substantially enhanced, reaching 120.48 mg g~ . This increase

) (scale bar is 200 nm). (d) HAADF image of NZIF and EDS mapping of Zn, C, N, P and O,

where P and O are exclusive to the nucleotide (scale bar is 20 nm). Reproduced with permission from ref. 78 Copyright ©2021, Elsevier.
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in adsorption capacity was attributed to the negative zeta
potential value of ZIF-8 at pH = 11, where the cationic nature of
methylene blue allowed great attraction between the adsorbent
(ZIF-8/PAN) and the adsorbate (MB). Conversely, the adsorption
capacity decreased with an increase in temperature, which was
due to the fact that an increase in temperature sped up the rate
of migration of MB, also boosting the desorption rate. The
results of the kinetic study showed that the adsorption of MB
obeyed the pseudo-second order kinetic equation; moreover,
the adsorption process implied chemical interactions among
MB and ZIF-8/PAN polar functional groups. The recyclability
tests proved that the adsorption capacity for MB remained
higher than 85% after three cycles of regeneration in compar-
ison with the first time.” In another study, Marsiezade et al.*®
developed a composite based on hollow beads containing
carboxymethyl-cellulose, ZSM-5 and ZIF-8 (CMC/ZSM-5/ZIF-8)
to remove the organic dye methylene blue. Two adsorption
modes were evaluated (continuous and discontinuous). The
adsorption capacities recorded for both adsorption modes
(continuous and discontinuous) for CMC, CMC/ZIF-8, CMC/
ZSM-5 and CMC/ZSM-5/ZIF-8 were 10.56 and 12.01, 11.87 and
13.06, 9.29 and 11.53, 8.15 and 10.49, respectively. It is well
noted that ZIF-8 exhibited a positive effect compared to ZSM,
which had a negative effect on the methylene blue adsorption
process. They found that the adsorption of methylene blue was
predominantly assigned to the CMC functional groups, which
played an extensive role in the adsorption of MB as active sites
for the subsequent attachment of MB molecules either by
hydrogen bonding or electrostatic interaction. Furthermore,
due to the presence of m electrons in the methylene blue
molecule, it is advantageous for this molecule to interact with
the aromatic rings in the beads by - stacking. Alternatively,
the creation of an ionic bond between Zn>" (ZIF-8) and -SO;~
(MB) played a major role in the adsorption of methylene blue on
ZIF-8. The regeneration of this material was successfully eval-
uated in five steps, suggesting the recyclability of the
composite.®* Recently, Abdelhamid et al.** reported the growth
of ZIF-8 crystal on biopolymers such as cellulose (celloZIF-8).
The resulting cello/ZIF-8 materials were employed for the
adsorption of methylene blue. In this work, the authors showed
that the engineered cello-ZIF-8 synergistically coupled the
mechanisms of pore structure adsorption, charge specific
adsorption and catalytic hydrogenation, and also the addition
of cellulose provided negative functional groups (COOH and
OH), creating effective sites for the adsorption of methylene
blue. The developed cello-ZIF-8 materials exhibited excellent
recyclability during 5 cycles with no appreciable loss in their
efficiencies.®® Zhu and co-authors® confirmed the benefit of
adding cellulose to the ZIF-8 framework to prevent the aggre-
gation of the ZIF-8 particles. Furthermore, they showed that the
fibrous ZIF-8 aerogels also combined the hierarchical porosities
and low density of cellulose aerogels, and hence this combi-
nation resulted in improved adsorption capacity and kinetics.
Similarly, Zhang et al.** successfully introduced their developed
hybrid (ZIF-8/C3N,) in an agar aerogel, creating a flexible and
effective aerogel adsorbent for the elimination of methylene
blue from the reaction medium. This ZIF-8/C;N, composite

© 2022 The Author(s). Published by the Royal Society of Chemistry
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aerogel displayed an adsorption capacity of 154.87 mg g ',
which was 1.44-times higher than that of the pristine ZIF-8.
They explained that this improvement was due to the syner-
gistic effect of carbon nitride (C;N,), which contributed to the
regulation of the ZIF-8 crystal growth, leading to small and
highly dispersed ZIF-8, resulting in a better performance for the
removal of MB. Besides controlling the growth of ZIF-8 crystals,
C3N, also provided the hybrid aerogel (ZIF-8/C3N,) with stable
repeatability for over 5 consecutive cycles. Alternatively, Zong
et al.** reported the synthesis of ZIF-8 hybrid aerogels, which
were produced by growing MOF crystals on aramid-nanofibril
(ANF) aerogels. They indicated that the ANF/ZIF-8 hybrid aero-
gels showed a better adsorption capacity for cationic dyes such
as methylene blue rather than anionic dyes (methyl orange),
which implies that the mechanism responsible for the adsorp-
tion operation is electrostatic attractions between the formed
aerogels and the dye (MB). Moreover, the high surface area,
synergistic effect created between the 3D polyhedra of ANF and
ZIF-8 also contributed to the adsorption of MB. Li et al®
exploited a family of transition metal-carbide-carbonitride
materials (MXenes) for the development of an MXene/ZIF-8-
based hybrid aerogel, which was subsequently used for the
adsorption of methylene blue. The prepared composite (MXene/
ZIF-8) showed a methylene blue adsorption capacity of 459 mg
g, while that of MXene alone was 286 mg g~ . This capacity
decreased in an acidic environment due to the elevated
concentration of H' ions together with the cationic dyes
competing for the adsorption sites, thus hindering the
adsorption process. Due to the increase in temperature, the
adsorbate mobility also increased, followed by an increase in
the rate of diffusion of the adsorbent, where the adsorption
capacity of the MXene/ZIF-8 aerogels reached the maximum
value. Furthermore, the consistency of the R* values with the
pseudo-second order model compared to the pseudo-first order
model suggests that the adsorption of MB on all the MXene/ZIF-
8 aerogels follows chemisorption, especially the MXene/ZIF-8-4
aerogel prepared at an MXene mass ratio of 74.2%. The reus-
ability of MXene/ZIF-8 was studied for up to 8 cycles of
desorption/regeneration, which indicated the great stability of
the developed composite. After eight cycles, the adsorption
capacity diminished slightly to 95.8% compared to the pristine
adsorbent.® Similarly, Gu et al.*® reported the preparation of
a composite adsorbent based on an MXene (TizC,T,) and ZIF-8
for the uptake of methylene blue (MB) (Fig. 3).

Due to the appropriate interstitial space arising from the ZIF-
8 arrays in the MXene (Ti3C,T,) interlayer as well as the ability of
Ti;C,T, to capture cationic dyes such as MB, an adsorption
capacity of 107 mg g ' was obtained by the hybrid ZIF-8/
TizC,T,, which was superior to that of ZIF-8 (3 mg g ') and
Ti;C,T, (9 mg g ). The low adsorption capacity of Ti;C,T, was
explained by the absence of oxygen groups on its surface and
inadequate internal interspace. The addition of ZIF-8 on
Ti;C,T, provided a useful interspace, which was created by the
arrangement of a small amount of ZIF-8 inside the interlayer of
the MXene (Ti3C,T,), which improved the ability to absorb
methylene blue. In contrast, excess ZIF-8 had a negative effect
on the adsorption ability of MB. In another work, Li et al®
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reported another strategy involving the introduction of a family
of polyoxometalates (POM) in zeolitic-imidazolate frameworks
(ZIF-8) via a mechano-chemical procedure at room temperature.
In this study, they evaluated three different hybrids, ie.,
H3;PW;,040: ZIF-8 (BIT-1), H,SiW,;,0,4: ZIF-8 (BIT-2) and
H3PMo0,,0,0: ZIF-8 (BIT-3), for the adsorption of methylene
blue. The easy deprotonation of these composites resulted in
the formation of poly-anions, which showed great ability to
attract methylene blue molecules due to their cationic nature,
which led to an increase the affinity of MB particles, and
therefore enhanced the adsorption capacity. In addition, these
composites served as open hydrophobic conduits, allowing the
methylene blue molecules to diffuse inside and outside the
POM/ZIF-8 composite. Moreover, the introduction of these
POMs in the ZIF-8s generated a synergistic effect and increased
the porosity, which resulted in excellent performances
compared to ZIF-8. It has been well documented that the
maximum adsorption capacity was obtained by the BIT-1
composite (810 mg g~ '). Compared to other adsorbents such
as activated carbon and pure ZIF-8, the BIT-1 hybrid showed an
outstanding efficiency, resulting in the removal of 99% methy-
lene blue (60 ppm) within 5 min. In addition, BIT-1 also showed
excellent repeatability without losing its properties such as
adsorption capacity.?”

2.1.2 Adsorption of RhB. Besides the adsorption of meth-
ylene blue, other investigations have been performed to eval-
uate the potential of ZIF-8-based materials to adsorb rhodamine
B (RhB). In this context, Meng et al.® reported the use of
a cellulosic polymer (corn-cobs) as a support to embed in situ Ag
nanoparticle-decorated ZIF-8 nano-hybrids for the fabrication
of multifunctional bio-sorbents having robust adsorption-
catalytic behavior. The results indicated that the porous
corncob-supported ZIF-8 decorated with Ag NPs (Ag NPs@ZIF-8/
P-OCB) yielded outstanding efficiencies regarding the removal
of RhB. Alternatively, the specific surface area measurements
indicated that after the addition of silver nanoparticles (Ag
NPs), a slight decrease in the specific surface area of the bio-
adsorbent (Ag NPs@ZIF-8/P-OCBs: 224.50 m”> g~ ') in compar-
ison with the hybrids (ZIF-8s/P-OCBs: 292 m”* g~ ') occurred.
This decrease was explained by the great dispersion of the Ag

31806 | RSC Adv, 2022, 12, 31801-31817

Illustration of the synthesis of ZIF-8/TisC,T,. Reproduced with permission from ref. 86 Copyright ©2022, Elsevier.

nanoparticles, which blocked the cavities of ZIF-8. Furthermore,
the adsorption capacity of RhB for both samples Ag NPs@ZIF-8/
P-OCBs and (ZIF-8/P-OCBs) was 11.7 mg g * and 12.2 mg g,
respectively, which was consistent with the specific surface
measurements. Specifically, the charge of the porous ZIF-8 may
have enhanced the adsorption performance of P-OCB, while the
addition of silver nanoparticles and their strong dispersion
helped to lock the cavities of ZIF-8. Alternatively, Nasser
Abdelhamid et al.®* reported the growth of ZIF-8 crystal on
biopolymers such as cellulose (celloZIF-8). In this work, they
showed that the addition of cellulose also provided negative
functional groups (COOH and OH), which could provide effec-
tive sites for the adsorption of RhB. In addition, the developed
cello-ZIF-8s synergistically coupled the adsorption mechanisms
of the ZIF-8 porous structure, resulting in charge specific
adsorption and catalytic hydrogenation. In another work, Fan
et al.® presented a new approach of exploiting ionic liquids and
zeolite frameworks for the formation of hybrid systems capable
of adsorbing the cationic dye RhB. In this work, the hetero-
polyanion-based guanidinium ionic liquids (HPAILs) not only
functioned as greener agents to effectively monitor the nucle-
ation and growth rate of ZIF-8s, but were also embedded as
a shell material for the creation of specific adsorption sites. The
formed HPAIL@mesoporousZIF-8 hybrid displayed a high RhB
adsorption ability of 278 mg g~ " and effectively eliminated 99%
of RhB over a period of 15 min with pseudo-second-order
kinetics. These exceptional results were ascribed to the pres-
ence of mesopores inside ZIF-8, which facilitated the diffusion
of RhB. Moreover, the addition of guanidinium ionic liquid was
instrumental in improving the adsorption affinity by providing
additional adsorption sites. The Langmuir-isotherm model
indicated that the adsorption of RhB was monolayer over
a surface containing homogeneous bonding sites. Furthermore,
the presence of imidazole rings, tungstate, phosphate and
amino groups on the surface of the HPAIL@Meso-ZIF-8
composite suggested that the adsorption of RhB was through
a variety of interactions including electrostatic interaction, van
der Waals interaction and hydrogen bonding (Fig. 4). In the
reuse experiments, it was found that HPAIL@Meso-ZIF-8 could

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 HPAIL@Meso-ZIF-8 composite for the removal of RhB dye. Reproduced with permission from ref. 89 Copyright ©2022, Elsevier.

be reused for 4 cycles without losing its structural properties
and adsorption performance.®

Chen et al.*® developed a new strategy based on the use of
ZIF-8s as a stabilizer for slurry polymerization from hexadecyl
acrylate (AA16) in water for the successful preparation of PAA16/
ZIF-8 composites, which were employed for the removal of RhB.
The UV visible analysis showed that the concentration of RhB
decreased by about 24%, 25% and 99% in the presence of
PAA16, ZIF-8/PAA16 and ZIF-8, respectively. These results were
explained by the BET analysis, which showed that the specific
surface area of PAA16/ZIF-8 was about 8 m”> g~ ', while that of
ZIF-8 alone was 1745 m> g '. This large difference was attrib-
uted to the low content of ZIF-8s in the surface of PAA16, which
implies that the adsorption capacity of RhB is mainly depen-
dent on the content of ZIF-8. The reuse results showed that
PAA16/ZIF-8 could be reused for 3 cycles without losing its
structural properties and adsorption performance.” Yin et al.**
employed an in situ method and layer-by-layer assembling
method with no solvent for the growth of ZIF-8 sheets on carbon
fiber (CF) tissues functionalized with carboxyl groups (-COOH).
The developed ZIF-8/CF composite was employed for the
adsorption of RhB. The calculated specific surface area for ZIF-
8s alone was 865.764 m”> g ', while that of the ZIF-8/CF
composite was 495.297 m*> g '. This reduction in size was

© 2022 The Author(s). Published by the Royal Society of Chemistry

attributed to the non-porous nature of CFs, whereas the HK
method showed that ZIF-8s and ZIF-8/CF displayed a similar
type and size of microspores, which suggests that the intro-
duction of CF tissue did not alter did not alter the structure and
pore size of ZIF-8s in the CF-ZIF-8 hybrid. Although the surface
charge of the ZIF-8/CF composite was negative (—2.35 mV), the
visible UV analysis showed a slower decrease in the absorption
of cationic RhB, which was explained by the high molecular size
of RhB. Alternatively, they found that RB19 (anionic dye) and
RhB presented a similar UV reduction after the adsorption
operation, which was attributed to the similarity in the -7
interaction between the CF-ZIF-8 composite and each dye. The
reusability tests revealed that during 5 cycles of reuse, the
adsorption capacity of the ZIF-8/CF composite showed only
a slight decrease, indicating the outstanding reusability of the
ZIF-8/CF hybrid.”* Recently, Yang et al.®> developed an iron-
doped ZIF-8 adsorbent (Fe-ZIF-8) for the removal of several
pollutants such as rhodamine B. The composite prepared at
a temperature of 500 °C (Fe-ZIF-8-500) presented a specific
surface area of 1135 m® g~ ', while the Fe-ZIF-8 sample prepared
without thermal activation presented a specific surface area of
1536 m” g~ *. This large difference was due to the collapse of the
pore channels during high temperature processing. At a pH
above the pH at the zero point of charge (pHzpc = 7.53), the

RSC Adv, 2022, 12, 31801-31817 | 31807
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surface of the composite (Fe-ZIF-8-500) was negatively charged,
and due the cationic nature of RhB, an adsorption capacity of 74
mg g~ ' was obtained. Zhang and co-authors tested the combi-
nation between two metal organic frameworks such as ZIF-8
and UiO-66-NH, for the removal of several organic dyes such
as RhB. Compared to the removal of methylene blue on the ZIF-
8/UiO-66-NH, composite described in this study, which
demonstrated both outstanding selectivity and strong perfor-
mance, despite the cationic nature of RhB, the ZIF-8-loaded
UiO-66-NH, showed a poor adsorption efficiency for RhB.
These results were explained based on the complex structure
and large molecular size of RhB compared to that of MB, which
could prevent it from penetrating the pores in the ZIF-8-loaded
UiO-66-NH,. Specifically, this composite had an insufficient
width of 0.5 nm, while the molecule size of RhB was 1.41 x
0.98 nm. Hou et al.”® reported the fabrication of a hybrid based
on ZIF-8 and graphene aerogels (ZIF-8/GAs) through a counter
diffusion process. Due to the unique integrated characteristics
of ZIF-8s and GAs such as large surface area, great interaction
between ZIF-8/GA hybrid and analytes and porous structure, the
ZIF-8/GA hybrid exhibited an adsorption capacity for RhB of
320.6 mg g~ !, while that for GAs was 194.2 mg g~ *. The pseudo-
second-order model had greater applicability compared to the
pseudo-first-order model in describing the adsorption pathway
due to its R? correlation coefficient of 0.999, whereas that for the
pseudo-first-order model was 0.9561.%*

2.1.3 Adsorption of organic dye malachite green. Despite
its high demand in several sectors and fields such as the textile
industry, aquaculture and hatchery industry, the use of mala-
chite green (MG) and other dyes (MB and RhB) is not recom-
mended because they have carcinogenic and mutagenic effects
on human health.*** To date, many reports have been pub-
lished on the removal of malachite green from aqueous media
using ZIF-8-based materials. For example, Zhao et al.”® assem-
bled ZIF-8s on g-C;N,/Fe;O, to produce ZIF-8/g-C;N,/Fe;0,
nanocomposites, which were effective for adsorbing varying
concentrations of malachite green. Owing to the synergistic
effect of the developed ZIF-8/g-C5;N,4/Fe;O, hybrid, which
combined the high specific surface area of ZIF-8, the unique
structure of g-C;N, and the superparamagnetic characteristics
of Fe;0,, it exhibited an outstanding uptake ability of about
3412 mg g~'. Moreover, due to its easy separation from the
reaction medium, the hybrid could be used repeatedly after five
cycles without loss in its structural properties and adsorption
performance. They found that the increase in pH was advan-
tageous for the adsorption of MG because the surface of the ZIF-
8/g-C3N,4/Fe;0, composite becomes negative, which causes an
electrostatic interaction with green malachite because it is
cationic in nature. Alternatively, the infrared analysis carried
out before and after the adsorption operation demonstrated the
existence of an H-bond between MG and ZIF-8/g-C3;N,/Fe;0, as
well as the appearance of a - stacking effect between MG and
the ZIF-8/g-C;N,4/Fe;0,. The pseudo-second-order model was
more applicable compared to the pseudo-first-order model in
describing the adsorption pathway due to its R> correlation
coefficient of 0.999 compared to that of the pseudo-first-order
model of 0.813.” Zadvarzi et al.*” reported the fabrication of
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a magnetic chitosan (chitosan@Fe;0,) coated with ZIF-8 for the
removal of the cationic dye malachite green. In this work,
several parameters were studied to improve the performance of
the ZIF-8@chitosan@Fe;0, hybrid for the efficient adsorption
of MG, and the optimal conditions were found to be 40 mg of
adsorbent, pH = 7, 10 ppm initial concentration, a temperature
of 25 °C and 40 min reaction time. It was noted that the equi-
librium data obtained were in good accordance with the Lang-
muir model with a maximum capacity of 3.282 mg g . The
theoretical study based on first principles calculation revealed
that there was no meaningful interaction between MG and
Fe;0, as well as with chitosan, and hence the only interaction
existed was that between ZIF-8 and MG. Moreover, the lowest
adsorption energy value and long bonding distances indicated
that the adsorption of MG was according to van der Waals
forces, confirming the occurrence physisorption.” Mahmoodi
et al” successfully deposited ZIF-8 crystals on chitosan/
polyvinyl-alcohol electrospun nanofibers (ZIF-8-CS/PVA-ENF)
to eliminate malachite green from aqueous medium. An
enhancement in the effective surface area and porosity was
observed after the successful synthesis of ZIF-8 applied on CS/
PVA for the second cycle (ZIF-8-CS/PVA-ENF2), and the charac-
terization images of each material are displayed in Fig. 5. It is
obvious that the composite prepared in the second cycle (ZIF-8-
CS/PVA-ENF2) presented better performances towards the
removal of MG, and the adsorption ability of MG was 1000 mg
¢! with high repeatability and stability of 90%. The suggested
adsorption mechanism for this study is presented in Fig. 5e,
where two types of interactions were discussed such as the
electrostatic attraction due to the negative charge on the surface
of the material (ZIF-8-CS/PVA-ENF2) and the cationic nature of
MG. The second interaction is the m—m attraction between the
benzene structures, which are comprised of m-bonds in ZIF-8-
CS/PVA-ENF2, and the dye molecules.” In another work,
composite hollow microspheres based on ZIF-8 and cellulose
nanocrystal surface layers (ZIF-8/CNCs) were successfully
prepared for the removal of malachite green. As a result of its
porous structure, great specific surface area (1240 m* g~ ') and
hydrophilic nature, the ZIF-8/CNC hybrid displayed a great
adsorption ability of 1060.2 mg g~ ' and re-usability for 3 cycles
without loss of its structural properties and adsorption perfor-
mance.”® Li et al.* developed an in situ growth technique to
successfully grow ZIF-8 on porous carbon (ZIF-8/porous
carbon). This hybrid material was tested for the removal of
MG from aqueous medium. The ZIF-8/porous carbon composite
constructed at a carbon/Zn ratio of 1:4 demonstrated a supe-
rior adsorptive removal efficiency of malachite green (MG) with
a reported maximum adsorption ability of 3056 mg g~ " at 30 °C.
Furthermore, due to its high particle size, the 1 : 4 ZIF-8/porous
carbon hybrid was readily separated through filtration and
reused for 3 cycles with a retention of 88% of its original
adsorption.”® Abdi and co-authors'” attempted to remove MG in
an aqueous solution, and they studied the efficiency of two
hybrids based on ZIF-8/GO and ZIF-8/carbon nanotubes (CNTs)
towards the adsorption of MG. After the successful preparation
of ZIF-8/CNT and ZIF-8/GO, new pores were observed for both
hybrids, which were very useful for the adsorption of pollutant

© 2022 The Author(s). Published by the Royal Society of Chemistry
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molecules (MG). Furthermore, they showed that the construc-
tion of the ZIF-8/CNT and ZIF-8/GO hybrids prevented the
generation of aggregates, achieving a high surface area of 830.3
m?> g " and 1476.4 m> g, respectively. It was noted that the
equilibrium data obtained were in very good accordance with
the Langmuir model with MG adsorption capacities of 1667 mg
g7',3300mg g ' and 2034 mg g~ for ZIF-8, ZIF-8/GO and ZIF-8/
CNT, respectively. Moreover, the composites showed great
recyclability for 4 cycles.'® Nazir et al.'** reported the develop-
ment of a porous composite via the in situ growth of ZIF-8s on
a layered double zinc hydroxide (ZnAl-LDH).

Compared to ZIF-8 alone, the ZIF-8/ZnAl-LDH hybrid dis-
played an improved adsorption capacity of 194.5 mg g~ ', and
with a contact time of 180 min, a removal efficiency of 98% was
recorded for MG dye. Moreover, the recyclability tests revealed
that after 4 successive cycles, the ZIF-8/ZnAl-LDH composite
exhibited an adsorption of 96.27% for MG compared to the
initial capacity of the virgin ZIF-8/ZnAl-LDH.'** Wang et al.***
employed in situ polymerization to develop a novel composite
aerogel based on egg yolk, ZIF-8 and cross-linked poly-acrylic
acid (EY/ZIF-8/CLPAA). To improve the performance of the
composite towards the removal of MG, they highlighted the
effect of several parameters such as the effect of adsorbent
dosage, which showed that when the dosage of the adsorbent
increased, the amount of MG molecules adsorbed decreased,
and the optimal dosage of the hybrid aerogel (EY/ZIF-8/CLPAA)
was 2 mg, achieving an adsorption capacity of 2338 mg g .
Moreover, the Langmuir model was more applicable than the
Freundlich model to describe the adsorption kinetics of MG
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because of its R* correlation coefficient, which was 1.00, while
the R®> correlation coefficient for the Freundlich model was
0.8916. These results confirmed that the adsorption process
belonged to monolayer adsorption without interaction among
the adsorbed molecules and without transport adsorption in
between the adsorption sites.'*

In addition to methylene blue, rhodamine B and malachite
green, other pollutants have been removed using different ZIF-
8-based composites, as listed in Table 1.

3. ZIF-8 materials for photocatalytic
degradation of organic pollutants

Besides adsorption, other catalytic methods are commonly
employed for treating water pollutants including primarily
photocatalytic degradation, which represents “green tech-
nology” for removing harmful pollutants and other organic
pollutants.’**"® Compared to adsorption, photocatalytic
processes can decompose organic pollutants such as MB, RhB,
and MG into CO, and H,O in the presence of a photocatalyst
(ZIF-8). Thus far, ZIF-8 nanocrystals have been applied in the
field of photocatalysis.>”****** Nevertheless, due to their wide
band gap (4.9-5.1 eV) and poor electron discharge capacity,
their photocatalysis capabilities are generally lower than that of
traditional semiconductors.*® Consequently, several strategies
have been developed to improve the efficiency of ZIF-8 for the
removal of organic pollutants (MB, RhB, and MG) such as
combining ZIF-8 with other semiconductors or doping ZIF-8
with elements to improve its optical properties and obtain

>
-

——Bluk ——ZIF-SECS/PVAL)

Fig. 5 SEM micrographs of engineered composites (a) CS/PVA-ENF and (b and c) ZIF-8-CS/PVA-ENF2. (d) TEM images of ZIF-8-CS/PVA-ENF2
hybrid. (e) Adsorption mechanism of malachite green on ZIF-8-CS/PVA-ENF2. Reproduced with permission from ref. 74 Copyright ©2020,

Elsevier.
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Table 1 A summary of the different ZIF-8 composites developed for the adsorption of various pollutants
Adsorption capacity

Adsorbent Synthesis method Sper(m*g™)  (mgg) Pollutant Ref.
ZIF-8/CS In situ growth — 922 CR 103
ZIF-8/Carbon fibers In situ self-assembly method 97.32 42.64 CR 104
ZIF-8/CoFe,0, Solid-phase extraction 918.9 52.04 CR 105
ZIF-8/ZnAl-LDH In situ growth 963 609.7 MO 101
ZIF-8/SiO,/MnFe,O Co-precipitation and modified Stober method 830.3 78.12 MO 106
ZIF-8/graphene aerogels  Counter diffusion method — 406.5 MO 93
EW/ZIF-8/PAA In situ polymerization, freezing and freeze drying — 297.1 MO 107
EY/ZIF-8/CLPAA In situ polymerization — 447 MO 102
ZIF8/Fe;O,/BNT Solvothermal method 428.7 40.5 RO16 108
ACPMG/ZIF-8 Solvothermal method 1001.4 1250 SO 109
ZIF-8/SBA-15 LPE method 722 116.9 Bisphenol A 110
KGM/ZIF-8 Sol-gel and freeze-drying — 812.35 Ciprofloxacin 111
ZIF-8/PAM In situ method 14.4 111.5 Humic acid 112
ZIF-8/PDA/PAN Self-polymerization 319.38 478.18 Tetracycline 50
Fe-doped ZIF-8 Precipitation method 1135 867 Tetracycline 92
ZIF-8/wool In situ method — 371.2-391.1 2-Naphthol 113
ZIF-8/GO In situ method 946.5 171.3 1-Naphthylamine 114
ZIF-8/chitosan-g-PNVCL  Electrospinning method — 152.3 Phenol 115

hybrids with improved photocatalytic performance. In this
second part, we review the different ZIF-8-based photocatalysts
been applied to degrade different organic pollutants such as
MB, RhB, and MG.

3.1 Photocatalytic degradation of MB

Recently, Faraji et al."** exploited the magnetic properties of
NiFe,0, to form a ZIF-8/NiFe,0,-based composite, which could
be easily separated from the reaction medium. The prepared
photocatalyst was evaluated for the photocatalytic decomposi-
tion of methylene blue. They showed that the photocatalyst
prepared with 30 wt% NiFe,0, manifested the strongest pho-
tocatalytic behavior, resulting in a degradation efficacy of 94%
within 120 min. This improvement was attributed to the addi-
tion of NiFe,O,, which extended the lifetime of the electron hole
pairs. Moreover, its magnetic property allowed the composite to
be regenerated and reused for 4 cycles without loss of its
properties such as degradation efficiency (90%)."** Chandra and
co-authors* reported the synthesis of a composite named ZIF-
8/AgNPs for the photocatalytic degradation of MB. Due to its
large specific surface area (1370.91 m> g~ ') and unique syner-
gistic characteristics, the sample prepared with a 300 pL
suspension of AgNPs displayed outstanding photocatalytic
efficiency towards methylene blue with a degradation rate of
97% at pH = 7. Furthermore, they demonstrated that upon the
degradation of MB, the metallic AgNPs acted as electron
collectors, which facilitated the transfer of photo-generated
electrons into the conduction band (VB) of ZIF-8 as a result of
surface plasmon resonance (SPR), and due to the synergistic
effect of ZIF-8 and AgNPs, the pairs (e /h") readily reacted with
water and oxygen to form species capable of mineralizing MB to
CO, and H,0."* Similarly, He et al.*” reported the fabrication of
a ZIF-8/AgBr composite photocatalyst via the solvothermal
route, which was used for the photodecomposition of MB. The
optical analysis showed that the coupling of ZIF-8 with AgBr

31810 | RSC Adv, 2022, 12, 31801-31817

resulted in improved light absorption efficiency; moreover, with
a high content of AgBr, a red shift in the absorption edge was
evident. The remarkable improvement in the charge separation
efficiency was a result of the synergistic effect generated when
coupling ZIF-8 with AgBr. The recorded MB decomposition rate
was 0.0273 min~", which was 3.59-fold higher than that of AgBr.
The stability and recyclability revealed that the photocatalyst
with a weight of 40% AgBr (40% AgBr/ZIF-8) displayed very
stable photocatalytic activity for 6 successive rounds.*”

Guan et al.**® synthesized an Ag/AgCl/ZIF-8/TiO,/C-based
composite on the surface of cotton fabric using a simple
procedure. Under visible light irradiation, the Ag/AgCl/ZIF-8/
TiO,/C photocatalyst demonstrated a MB degradation efficiency
of 98.5% within 105 min with a first-order kinetic constant of
0.0332 min~'. Moreover, the photocatalytic decomposition
capacity of methylene blue was 85% after 3 cycles, which
implies the excellent stability of the Ag/AgCl/ZIF-8/TiO,/C
hybrid. In this work, they showed that ZIF-8 present in the
developed composite acted as an oxygen molecule promoter
during the photocatalytic decomposition process, where during
this time, the photo-generated holes that existed in the valance
band (VB) of the photocatalyst oxidized the water molecules into
OH;, and therefore, hydroxyl radicals (OH") and superoxides
(O,"7) were regarded as the radicals responsible for the photo-
decomposition of MB. The mechanism of photo-degradation of
MB is presented in Fig. 6a."*® Another ternary system based on
RGO/black TiO,/2D-ZIF-8 was developed by He et al.,"*” which
was used for the degradation of MB (Fig. 2b). The EIS analyses
presented in Fig. 6¢ show that after the association of the 2D-
ZIF-8 nanosheets, the RGO/black TiO,/2D-ZIF-8 ternary hybrid
displayed the lowest semicircle diameter, which means that
RGO/BTiO,/2D-ZIF-8 possessed the greatest charge -carrier
mobility. Moreover, they indicated that the insertion of 2D-ZIF-8
gave the ternary system a strong dye adsorption capacity and
monitored the in situ decomposition at the adsorption site. It

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Photo-degradation mechanism of MB with Ag/AgCl/ZIF-8/TiO,/C hybrid. Reproduced from ref. 126 Copyright 2019, Springer. (b)

Process for the elaboration of the ternary system RGO/B TiO,/2D-ZIF-8. (c) EIS analysis of B-TiO,, RGO/B TiO,, 2D-ZIF-8 and RGO/B TiO,/2D-
ZIF-8. (d) Photo-degradation mechanism of MB with RGO/B TiO,/2D-ZIF-8 ternary system. Reproduced with permission from ref. 127 Copyright

©2020, Wiley VCH.

was found that the rate constant for the photocatalytic decom-
position of methylene blue was 0.0232 min ', which was 3.3-
times greater than that of black TiO,. The photocatalytic
decomposition mechanism of MB described in Fig. 6d shows
that the photo-generated electrons at the surface of B TiO,
cannot easily scavenge O, to generate O,"~ given that the redox
potential of the 0,/0,"~ couple was more negative (—0.33 eV)
than the conduction band energy of black TiO, (—0.27 eV).
Moreover, it was well noted that the redox potential of the H,0/
OH™ couple (2.53 eV) was bigger than the valence band energy
of ZIF-8 (0.34 eV), thus also rendering it infeasible for the photo-
generated holes to generate OH' radicals from H,O. Conse-
quently, the holes directly came in contact with MB during the
photo-degradation pathway. Due to its great electrical conduc-
tivity, RGO also helped to effectively separate the electron/hole
pairs, which decreased the recombination rate, and conse-
quently improved the photo-degradation of MB.'™ Recently,
Yurtsever and co-workers® investigated the influence of crys-
tallization time and the quantity of zeolitic imidazolate
framework-8 (ZIF-8) on the photocatalytic performance of ZIF-8-
decorated copper-doped titania powders (Cu-TiO,/ZIF-8). They
demonstrated that with a decrease in the ZIF-8 content and
growth time, the photocatalytic activity was enhanced, and the
nanocomposites prepared at 5% ZIF-8 content and 15 min
growth time displayed the highest photocatalytic activity with
a 1st order rate constant 1.4- and 4-fold higher than that of

© 2022 The Author(s). Published by the Royal Society of Chemistry

pristine Cu-TiO, and ZIF-8, respectively. Alternatively, an
additional increase in ZIF-8 level to 46% induced the clumping
of these aggregates, leading to a reduction in photocatalytic
activity."” Outstanding photocatalytic activity was obtained on
cotton fabric (CF), which was treated with poly-dopamine (pDA),
followed by the in situ deposition of ZIF-8/TiO, composites,
leading to the formation of the ZIF-8/TiO,/pDA/CF hybrid
photocatalyst. The formed hybrid was evaluated for the photo-
catalytic decomposition of MB. The photoluminescence spectra
revealed that the incorporation of ZIF-8 enhanced the charge
transfer capability and lowered the percentage of pairs recom-
bination (e /h"), and the photo-degradation efficiency of MB
obtained by this hybrid was 93.1% during 130 min of irradia-
tion. This good activity was attributed to the great BET surface
area of ZIF-8 and the self-polymerization of pDA, resulting in
the formation of melanin, which could absorb the heat, and
consequently accelerate the catalytic efficacy.” Employing an
impregnation process, ZIF-8s decorated with carbon quantum
dots (ZIF-8@CQDs) were developed and tested to remove
methylene blue from the aqueous medium. A greater absorp-
tion ability and better response to visible light were obtained by
the ZIF-8@CQD hybrid due to its core-shell structure, resulting
in an MB removal efficiency of 91% and a 6-fold better rate
constant than ZIF-8. Simultaneously, the ZIF-8@CQD photo-
catalyst was employed for three cycles of reuse, exhibiting
outstanding structural stability without loss in its properties

RSC Adv, 2022, 12, 31801-31817 | 31811
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such as catalytic activity.”*® Yang et al.**' developed a novel
photo-catalyst, where bismuth was doped in the ZIF-8/g-C;N,
heterojunction to form the Bi@g-C;N,/ZIF-8 composite. A
decomposition efficiency of 86.6% within 60 min was obtained
by the hybrid prepared with 12% of bismuth and a mass ratio of
ZIF-8: g-C3N, = 1.5: 1. They explained that this efficiency was
due to the effect of bismuth, which provided a suitable channel
for photo-induced carrier transmission. Moreover, the syner-
gistic effect of the inserted bismuth with the ZIF-8/g-C3;N, het-
erojunction also improved the light absorption performance,
thermal stability and recyclability.’** Due to its tight band gap
and S-Mo-S sandwich coordination structure, MoS, was also
considered as a semiconductor, which could further boost the
catalytic performance of ZIF-8 by forming a ZIF-8/MoS,-based
hybrid.**>*** As an example, Chen et al.'** successfully assem-
bled ZIF-8 on a carboxyl cotton cloth, and subsequently grew
MoS, on the surface of ZIF-8 to form an MoS,/ZIF-8/carboxyl
cotton composite, which was capable of efficiently absorbing
light and degrading MB. The fabric functionalized with 5 ZIF-8
layers (MZ-5/carboxyl-cotton) showed the best methylene blue
degradability of about 99.8% for 21 min; moreover, a photo-
catalytic activity of about 94.8% was retained even 6 recycling
cycles.

3.2 Photocatalytic degradation of RhB

Besides the photodegradation of methylene blue, other studies
have been conducted to evaluate the potential of ZIF-8-based
materials to mineralize rhodamine B (RhB). For example, Cao
et al employed an in situ reaction to successfully coat
manganese oxide (MnO,) on a zeolitic framework of
imidazolate-8 (ZIF-8). The formed ZIF-8@MnO, hybrid was
used as a photocatalyst to decompose RhB in a Fenton-like
procedure, yielding a decomposition rate of >96.0% for
120 min, whereas the degradation rate by the pristine ZIF-8s
was 63%. These satisfactory results were attributed to the
porous nature of ZIF-8s, which allowed the adsorption of more
rhodamine B molecules; moreover, the anchoring of the MnO,
nanoparticles (NPs) on ZIF-8 allowed their good dispersion to
provide a larger active surface area. Consequently, the forma-
tion of the ZIF-8@MnO, heterojunction resulted in effective
charge separation, which led to the high production of free
radicals such as OH'. Yang et al**® developed a novel MOF-
derived approach for the fabrication of ZIF-8/ZnO composite
photocatalysts through the micro-catalysis process by employ-
ing ZIF-8 as the reagent and AgNO; as the catalyst. The
adjustment of the AgNO; concentration showed that the sample
prepared with 50 mM AgNO; solution (50 ZIF-8/Zn0O) gave the
highest degradation efficiency of about 98.17% compared to the
other composites prepared with AgNO; (100 mM and 25 mM).
Moreover, the ZIF-8/ZnO (50) hybrid exhibited strong photo-
stability, translating to a photocatalytic efficiency of 95.54%
after 4 cycles of reuse.”® In another paper, Kong and co-
authors® reported the fabrication of a core-shell hetero-
structure denoted as ZnO/CdS@ZIF8 for the photodegradation
of RhB. They showed that spindle-shaped ZnO also delivered
Zn”" to form ZIF-8. Due to the great absorption capacity of ZIF-
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8s and their unique pore structure, the photocatalytic decom-
position rate constant of RhB obtained by the ZnO/CdS@ZIF8
composite was 0.018 min~', while the rate constant obtained
by the CdS/ZnO hybrid was 0.009 min~'.*®* Zeng et al*
employed a sonochemical method and successfully designed
a ZIF-8/TiO, heterojunction, which was intended for the pho-
tocatalytic degradation of rhodamine B. In comparison with the
commercially available P25, ZIF-8/TiO, displayed a better
degradation efficacy of rhodamine B. They showed that the
encapsulation of ZIF-8 accelerated the photodegradation
kinetics of RhB, where an N-Ti-O chemical bond was developed
between TiO, and ZIF-8, which favored the efficient separation
of electron/hole pairs. The O, molecules present in the reaction
medium were trapped by the photogenerated e~ in the
conduction band of the ZIF-8/TiO, composite to form O, ™
superoxide radicals, which contributed to the mineralization of
RhB.” In another study, Liu et al.**” discussed the impact of the
incorporation of ZIF-8 on the photocatalytic performance of Ag/
AgCl. Firstly, the Ag/AgCl nanoparticles were encapsulated on
the surface of ZIF-8 with a content of 50 wt%, resulting in the
formation of an Ag/AgCl/ZIF-8 (50%) hybrid. The Ag/AgCl/ZIF-8-
50% hybrid exhibited great absorption in the wavelength region
of 420-800 nm as a result of the surface plasmon resonance
(SPR) effect of the Ag particles formed in situ onto on surface of
the AgCl NPs. Compared to Ag/AgCl, the Ag/AgCl/ZIF-8-50%
composite showed outstanding photocatalytic activity, which
was related to the dual active function of ZIF-8, i.e., adsorption
of rhodamine B and production of more O, superoxide radi-
cals, which contributed to the mineralization of RhB.**” Abdi
et al.™® successfully used a quick and easy method to fabricate
a ZIF-8 photocatalyst doped with various Ag contents (ZIF-
8@Ag-X). The photocatalyst was synthesized with 15% Ag
content (ZIF-8@Ag-15%) showed the maximum RhB removal
efficiency (93%) within 30 min of irradiation, and the rate
constant recorded for this photocatalyst was 0.1016 min~". The
inclusion of Ag nanoparticles on the surface of ZIF-8 substan-
tially boosted the photodecomposition efficiency of RhB by
scavenging the photogenerated electrons, thereby diminishing
the possibility of charge recombination. The trapping investi-
gations revealed that holes (h") and hydroxyl radicals (OH") were
the species responsible for the mineralization of RhB into CO,
and H,0."* Similarly, Jing et al™® employed a nucleating,
precipitating, growing and photo-reducing approach to produce
AgCl and Ag co-doped ZIF-8 photocatalysts. As a consequence of
the synergistic effect among AgCl, Ag and ZIF-8, great visible
light absorption ability was noticed by the hybrid made at an
AgNO; concentration equal to 15 mM, showing a high rhoda-
mine B degradation efficiency of 99.12% for 60 min of illumi-
nation, while that for Ag/AgCl was 94.24% and ZIF-8 (5.17%).
Moreover, the photocatalytic efficacy of Ag/AgCl-15@ZIF-8 was
reduced by only 1.96% after 4 repeated degradation rounds.**®
Chang et al.**° constructed a Z-type heterojunction of AgCl/Ag-
doped-ZIF-8. They reported the combination of AgCl with Ag-
doped-ZIF-8 through a precipitation reaction, forming an
AgCl/Ag-ZIF-8 heterojunction. It was noted that doping with Ag
on ZIF-8s significantly lowered the gap energy, involving
improved light harvesting. Moreover, the formation of the Z-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of the different ZIF-8 composites developed for the photodegradation of various pollutants

Gap energy ~ Removal
Photocatalyst Synthesis method (eV) efficiency (%) Pollutants Ref.
ZIF-8@CulnS, Solvothermal process following by a 1.96 90 Phenol 142
reaction with methanol and PVP 87 Chlorophenol
74 2-Naphthalenesulfonic
acid

ZIF-8/TiO, Hydrothermal method 2.98 90 Tetracycline 143
ZIF-8/g-C3N, Exfoliating-wrapping 2.73 87.6 Tetracycline 144
ZIF-8/Cu,O In situ growth 4.31 84.1 Tetracycline 145
Ag-doped ZIF-8 Fast and facile process 3.2 93 Methyl orange 138
ZIF-8@AgNPS In situ growth 5.13 100 Congo red 125
Ag/AgCI@ZIF-8/ Simple process — 94.5 Levofloxacin 146
gC3N,

ZIF-8/BiOl Solvothermal process 1.55-1.88 82.5 Bisphenol A 147
Pt/TiO,-ZnO@ZIF-8 Simple process 3.2 99.7 Phenol 148
ZIF-8/MoS, Solvothermal process 1.05 93.2 Ciprofloxacin 149

75.6 Tetracycline
hydrochloride
ZIF-8/CdS ZIF-8 crystal self-assembled around PVP-embedded 2.05 81.69 Toluene 150
CdSNPs
ZIF-8/Fe,03 Green method — 94 Reactive Red 198 151

type heterojunction of AgCl/Ag-doped-ZIF-8 also contributed to
the improvement in the catalytic performance of the photo-
catalyst, given that it enabled the effective separation of the
photo-generated charges. The photocatalytic activity achieved
by the AgCl/Ag-ZIF-8 heterojunction was found to be 12-fold
better that the virgin ZIF-8, with high stability and reusability.**
Similarly, He and co-authors®” used a ZIF-8/AgBr hybrid for the
photodegradation of RhB. The optical analysis showed that the
coupling of ZIF-8 with AgBr resulted in improved light absorp-
tion efficiency, and the photodecomposition rate of RhB
recorded by the ZIF-8/AgBr hybrid was 98.5% during 60 min
irradiation and the rate constant was about 0.115 min~**".

3.3 Photocatalytic degradation malachite green

Recently, Abdollahi et al.**® employed a precipitation process to
grow a CuO-ZnO/ZiF-8 hybrid photocatalyst. The developed
composite was evaluated for the photocatalytic degradation of
malachite green. They observed using DRS analysis that the
sample developed with a ZIF-8 content equal to 20 wt% (CuO-
ZnO/ZiF-8-20) demonstrated a tighter gap energy (1.96 eV) than
of ZIF-8 (5.34 eV) and CuO-ZnO (2.89 eV). Also, the inclusion of
ZIF-8 on the CuO-ZnO heterojunction resulted in an increase in
specific surface area from 12.3 m* g~ (CuO-ZnO) to 22.2 m* g~*
(CuO-ZnO/ZiF-8-20). As a result of this increase, the photo-
catalyst adsorbed a large quantity of the dye, which was
subsequently degraded by visible light. The photocatalytic
activity recorded by the CuO-ZnO/ZiF-8-20 photocatalyst
towards the removal of MG with a concentration of 80 ppm at
pH 7 was 51%."” Alternatively, Li et al'*' developed an
approach based on the conversion of MIL-68(In)@ZIF-8 organ-
ometallic frameworks into an In,O;@ZnO heterostructure.
They reported that the conversion was performed according to
the calcination of MIL-68(In)@ZIF-8 to form core-shell hollow-

© 2022 The Author(s). Published by the Royal Society of Chemistry

microtubes of In,0;@ZnO intended for photodegradation of
MG. The synthesized heterostructure showed an enhanced
photocatalytic efficiency for the decomposition of MG
compared to MIL-68(In)-derived In,O; and ZIF-8-derived ZnO
under light irradiation. Moreover, the In,O;@ZnO hybrid
formed from MIL-68(In)@ZIF-8 provided a higher BET surface
area, exposed more active sites, possessed a suitable amount of
oxygen vacancies, better light absorption and efficiently stimu-
lated photo-induced charge carrier transfer and separation. The
photocatalytic activity registered by this heterostructure was
80.6% during 200 min of irradiation.***

In addition to methylene blue, rhodamine B and malachite
green, other pollutants have been removed by different ZIF-8-
based composites, as listed in Table 2.

4. Conclusion and prospects

In this review, we discussed the use of the ZIF-8 metal organic
framework for the fabrication of composite materials for the
removal and photocatalytic degradation of organic pollutants.
The adsorption and photocatalysis of persistent organic
contaminants are viable and economically feasible methods.
Accordingly, the development of stable, selective and robust
adsorbents is a promising route to achieve a sustainable future.
Particularly, MOFs and ZIF-8 are high-surface area materials,
playing a vital role for surface retention of organic pollutants.
Improving the pore size and structure of ZIF-8 through metal
doping, formation of composites and functionalization is
considered necessary to enhance to adsorption capacity due to
synergistic effect of ZIF-8 and the doped and composite mate-
rials. Additionally, morphological, optical and chemical prop-
erties tunability can be an asset for enhancing the
photocatalytic degradation efficiency. Chemists and physicists
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devoting tremendous efforts to the synthesis and application of
photo-active ZIF-8 materials for environmental remediation.

However, although there have been remarkable achieve-
ments in the last decade in this regard for the removal and
photocatalytic degradation of organic pollutants, it is still far
from real practical application. Thus, herein, we propose the
following points for future development:

4.1. Scalability and stability

Pilot-scale synthesis of ZIF-8-based composites with high yields
using flow reactors should be considered and stable materials
in real world applications should be envisaged.

4.2. Cost

Reducing the cost for the synthesis of ZIF-8 materials with
a targeted surface area, optical absorption and crystallinity. This
includes low energy consumption in synthesis strategies
(temperature, pressure) and low-cost reagents to avoid the use
of organic solvents.

4.3. Real application

Real wastewater experiments in continuous flow reactors (water
treatment plants) should be evaluated. Wastewater usually has
dye concentrations of 200 ppm, while the lab-scale experiments
in adsorption and photocatalysis deal only with concentrations
of dyes as low as 50 ppm.

4.4. New insights

Exploring the mechanistic fundamental study to assess the
stability of adsorbents/photocatalysts and the identification
reaction intermediates. DFT calculations can be performed to
elaborate a full concise comprehensive study.

4.5. Sustainability

The mineralization should be studied and reported. The toxicity
of intermediates during the reaction process and the leach-
ability of ZIF-8 adsorbent/photocatalysts should be studied to
guarantee the environmental friendliness and sustainability of
the materials.
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