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ARTICLE INFO ABSTRACT

Keywords: Toxic Cr(VI) polluted wastewater is worldwide recognized because of the wide application of chromium sub-
Cr(VD) photoreduction stances in various industrial sectors. Sustainable water pollution approaches are on demand now more than ever.
Photocatalysis

In terms of Cr(VI), many homogenous and heterogenous techniques are applying to intensify its removal form
water. Photocatalytic reduction of Cr(VI) has been suggested widely by the scientific community over the last
two decades. This report addresses the current research state of the photocatalytic Cr(VI) reduction by addressing
the most advances in terms of materials design and mechanistic pathways depending on the working conditions.
The photocatalytic activity of different classes of materials such as single or heterojunction semiconductors,
hybridization of photocatalyst nanoparticles (NPs) with sorbing materials, i.e., carbonaceous materials, metal-
organic frameworks (MOFs), and conjugated polymers, is discussed in depth. The photodeposition of photo-
produced Cr(III) on the surface of photocatalysts, and approaches to boost its desorption was addressed as well.
The review discusses also the simultaneous photocatalytic reduction of Cr(VI) and oxidation of organic pollut-
ants. A critical analysis of the current state and how to transfer substantial fundamental research to present world
application was given by addressing the pros and cons of photocatalytic technology for Cr(VI) reduction
compared to existing technologies. Positive research suggestions were provided to enhance the ability of pho-
tocatalytic technology for possible use, even for the purification of small volumes of industrial wastewater.

Simultaneous removal
Heterojunction semiconductors
Metal-organic frameworks
Conjugated polymers

1. Introduction treated lumber. Cr naturally exists in rocks, volcanic dust, and soil as
chromite ore (FeCry04) or forms complexes with other metals such as

Since the Industrial Revolution, chromium (Cr), widely available in bentorite Cag(Cr, Al)2(SO4)3, tarapacaite (KoCrO4), and crocoite

the earth’s crust, has been massively exploited in the industrial sector,
such as textile dyes and mordants, alloying, pigments, tanning, re-
fractory bricks, anti-corrosion materials, ceramic glazers, and pressure-

* Corresponding authors.

(PbCrOy4) [1]. The most stable forms of Cr are the metallic form Cr(0),
hexavalent Cr(VI), and trivalent Cr(III). Cr(VI) is considered the most
toxic form of chromium due to its high solubility under all pH
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conditions, highly oxidative nature, large mobility in the environment,
and fast penetration across living organisms’ membranes. In contrast, Cr
(III) represents less toxicity due to its lower mobility and relative
insolubility in water [2]. In the United States and Canada, the average Cr
(VD) concentrations in drinking water range between 0.2 and 2 pg/L, and
the maximum limit of Cr concentration in water should be 50 pg/L.
Exposure to high Cr(VI) concentration in the environment may occur
naturally by weathering Cr-containing rocks or deliberately from in-
dustrial effluents, which causes severe environmental problems and
threatens living organisms [3]. According to the World Health Organi-
zation, Cr(VI) is carcinogenic [4]. Besides, prolonged Cr(VI) exposure
may cause teratogenicity and mutation [5,6]. The removal of Cr(VI)
from water bodies is essential to preserve the ecosystem’s quality and
human health. Conventional techniques have been widely reported for
the removal of Cr(VI) from wastewater, including adsorption [7],
chemical precipitation, membrane filtration [8], ion exchange [9],
reverse osmosis [10], electrocoagulation [11], electrodialysis [12], and
biological reduction [13,14]. Photocatalytic technology has received
tremendous attention from the scientific community over the last three
decades for water remediation [15-18]. In terms of sustainability, the
possible use of solar energy is an ideal and sustainable resource for
environmental decontamination of organic, inorganic, microbes, and
heavy metals due to its renewable, abundant, clean, and low-cost fea-
tures [19-21].

The photocatalysis process depends on the photon absorption and
excitation of electrons from the valence band (VB) to the conductive
band (CB), and the positive holes are left in the valence band, enhancing
the catalyst surface redox reaction [22]. Photocatalysis is a process that
can be used to oxidize organic/inorganic pollutants or reduce heavy
metals due to the redox system generated on the CB and VB of a pho-
tocatalyst. Over more than two decades, the photocatalytic reduction of
Cr(VI) has received much attention from the scientific community by
emphasizing several research axes (Fig. 1), including understanding the
concept of electrons transfer to Cr(VI) or indirect reduction via the
generation of reductive species, the role of hole scavenger to liberate
electrons and react with positive holes and reactive oxygen species
(ROSs), the effect of pH on Cr(VI) speciation and the edges of CB and VB
of semiconductor, and the behaviour of produced Cr(IIl) species
(deposition or desorption). Over the last decade, more studies have been
reported on the design of novel classes of photocatalytic materials for
enhanced photocatalytic reduction through common approaches,
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Fig. 1. Number of publications per year on photocatalytic Cr(VI) reduction.
The map, obtained by VOSviewer, shows the hopttest topics in terms of Cr(VI)
photoreduction over more than two decades. Data were collected from Web of
science, keyword: Photocatalytic Cr(VI) reduction, from 2000 to August-2022.
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including increased light absorption, charge separation, adsorption
ability, or other purposes, i.e., enhancing the fixation of Cr(VI) by ion-
exchange reaction, boost the desorption of produced Cr(Ill). Different
classes of photocatalysts have been used to photocatalytically reduce Cr
(VD) into Cr(III) such as single semiconductors, i.e., TiOy [23], g-C3Ny4
[24], ZnO [25], WO3 [26], AgsPO4 [27], and semiconductor hetero-
junctions, i.e., AgsPO4/Fe304 [28], CuAly04/TiOy [29], BiyOs/BiOl
[30], ZnInyS4/SnSy 3D [31]...etc., semiconductor coated adsorptive
materials such as carbon [32] and clays [33], and polymer based pho-
tocatalysts [34,35].

The aim of this review is to summarize the advances done on Cr(VI)
reduction, and addresses the hottest topics and discussion. Cr(VI) can be
photocatalytically reduced via two ways, namely one step three-electron
transfer, and three steps of single-electron transfer. The effect of oper-
ating parameters and the presence of hole scavenger molecule can affect
the reduction process, i.e., electrons can be better accumulated on the
conduction band of the photocatalyst which in turn boosts the one step
transfer reduction process. The design of smart materials to solve some
general issues in photocatalysis, and particularly Cr(VI) photoreduction
is addressed in details. This review gives the reader more clarity about
the application of photocatalysis for Cr(VI) reduction from fundamental
research to technological advances.

2. Principles of photocatalytic reduction of Cr(VI)

The principle of Cr(VI) photoreduction has been addressed, and
many mechanistic pathways were suggested. In general, the reduction of
Cr(VI) by photocatalytic means occurs by photocatalytic photo-
generated electrons on the CB of the semiconductor. To make this re-
action happen, the CB edge needs to be more negative than the redox
potential of Cr(VI)/Cr(III). Cr(VI) cannot be reduced to metallic state (Cr
(0)) because Cr(II)/Cr(0) has high negative redox potential. In terms of
Cr(VI) reduction, electrons move directly to adsorbed Cr(VI) or even at
the boundary of the photocatalyst surface. The transfer of electrons from
the CB to Cr(VI) can be rooted in two ways [36,37]. In one way, Cr(VI)
can be reduced directly to Cr(III) by one step transfer of three-electrons
from the conduction band of photocatalyst. In another way, Cr(VI) is
reduced through single electron transfer, producing Cr(V) and Cr(IV) as
intermediates [38-40]. The photoreduction of Cr(VI) consumes protons;
therefore, the acidic medium is more favourable. Since the surface of
photocatalyst can produce ROS and oxidative positive holes, unwanted
reactions in terms of oxidation of produced Cr(III) might take place to
reverse the reaction (Eq. 3). To equilibrate the photoreduction of Cr(VI),
hole scavenger molecules can be added to the medium, principally to
react with oxidative species, including ROSs and positive holes [41]. The
more the interaction with holes and ROS, the more efficient Cr(VI)
reduction will be. The efficiency of photocatalytic reduction of Cr(VI)
depends significantly on the nature of used hole scavenger molecule
[42,43]. The scavenging of holes allows an enhanced separation of
electrons in the CB, which may result in one three-electron reduction
transfer mechanism (eq. 1). While, in the absence of any hole scavenger
molecules (pure water), the photoreduction of Cr(VI) is a very slow re-
action following the four-electron transfer process (eq. 2) due to the
rapid recombination of e /h* charges [44,45].

Cr,0,% + 14H* 4+ 6" —2Cr** 4+ 7H,0 @
Cr(VI)*~=Cr(V)*"=Cr(IV)*~—Cr(Ill) @)
Cr(IIT) + ROSs—Cr(VI) 3)

It was reported that one mole of ~*O, photoproduced simultaneously
on the CB can reduce Cr(VI) to Cr(V) [46,47]. Some studies reported that
the pumping of oxygen into the reaction medium would enhance the
reduction of Cr(VI) because of the enhanced formation of ~*O; species
[48]. In addition, reducing chemical species can be produced from the
oxidation of hole scavenger molecules, i.e., CO3*~ (E¢(CO2/CO2* ) ~ —
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2.0 V, which are able to participate indirectly in the reduction of Cr(VI)
[43]. The mechanistic photocatalytic reduction of Cr(VI) with and
without the presence of a hole scavenger is schematized in Fig. 2(a, b).
Since the addition of chemicals into wastewaters during the purification
is considered a less sustainable process, many studies were devoted to
the simultaneous oxidation of photoorganic pollutants and photore-
duction of Cr(VI).

The pH of the medium is a predominant factor in controlling the
photocatalytic reduction since the presence of protons is required. On
top of that, there are other reasons behind the enhanced reduction in
acidic medium. The transfer of electrons from the CB to Cr(VI) species
occurs mostly after the electrostatic interaction, as shown in Fig. 2,c
(pathway 1). On the contrary, it is less possible that photogenerated
electrons can reduce Cr(VI) species in the bulk solution (pathway 2). In
this regard, as shown in Fig. 2,d, strong electrostatic interactions can
take place in an acidic medium while decreasing at higher pH values.
Many studies showed that the photoreduction at pH higher than 7 is
almost negligible [42,45]. Cr(VI) exists in different forms as oxy-anions
depending on the pH of the medium (Fig. 3). At pH close to neutral and
low Cr(VI) concentration, chromate CrOz 2is expected to be predomi-
nant, and protonation of CrO4 2 occurs to form HCrO;. Ata very low pH
value, further protonation occurs to form HyCrOg4 species. These Cr(VI)
species exhibit different redox potentials at different pH values (Fig. 2,
e). In fact, the redox potential of Cr(VI)/Cr(IlI) anodically shifts by
—0.14 V pH ~ which in turn improves the driving force between the CB
and the Cr(VI)/Cr(III) at lower pH values [49]. In addition, the pH can
shift both the CB and VB of the photocatalyst. For example, TiOy
(anatase), the CB shifts from —0.1 V to —0.45 V as pH varies from 1 to 7
[43]. It is worth mentioning that the concentration of Cr(VI) or the
coexisted ions might affect the redox potential and edges of CB and VB.

Another issue that should be investigated is the behaviour of pro-
duced Cr(IIl) after the reduction of Cr(VI). Two possibilities can take
place, surface deposition of Cr(III) and Cr(III) release in the solution. The
formation of Cr(OH)3 can occur even at acidic and alkaline solutions

(a) Photoreduction of Cr(VI) in the absence of scavenger
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Fig. 3. Speciation of Cr(VI) as a function of pH and concentration.

[50,511, while at very acidic pH < 1, the formation of Cr(OH)s is less
expected [52]. The deposition of Cr(III) species is a serious issue during
the photocatalytic reduction of Cr(VI) as it blocks the surface and pre-
vents the penetration of light and the access of Cr(VI) to the photo-
catalyst surface. In addition, Cr(III) deposited on the surface can play a
role in promoting the recombination of e /h™ charges, especially if the
surface area of the photocatalyst is low [53]. Djellabi et al. [23] have
estimated the amount of photo-deposited Cr(III) on the surface of TiO,.
As shown in Fig. 4, the colour of TiO, turned green because of the
deposition of Cr(III) species. It was found that around 40 % of Cr(III) was
deposited, and the rest was released in the solution. The authors used
sequential extraction to remove Cr(II) from the TiO5 surface. Through
sequential extraction (three times), the total extraction rates were found
to be 90.1 and 42.6 % for citric acid and EDTA as extracting agents,

(b) Photoreduction of Cr(VI) in the presence of scavenger

%, cr(v1)

cr(lln

criv)
Scavenging of h*
HS Scavenging of ROSs

77 ’ _Cr02'4 )
\HCrO% y cro?,

Fig. 2. (a) and (b): photocatalytic reduction of Cr(VI) with and without hole scavenger (HS) molecule. (c): Possible pathways of electrons transfer from the con-
duction band to Cr(VI) species. (d): Electrostatic interactions of Cr(VI) species as a function of pH of a solution. (e): effect of pH on the conduction/valence bands of

TiO, and redox potential of Cr(VI)/Cr(IIl) (obtained from the Nernst equation).
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Fig. 4. Deposition of produced Cr(III) on TiO, surface and TiO, regeneration by sequential extraction (produced based on the results of ref. [23]).

respectively. The extraction mechanism is based on the formation of
complexes between the extracting agent and Cr(III) deposited species,
and the better the complexation, the better the release of the Cr(III)-
agent from the surface. It was reported that citric acid could form
spontaneously and quickly mononuclear anion [Cr(CgH407)
(C6H507)]4_ which is more favourable compared to Cr(III)-EDTA, which
needs boiling. The modification of the surface of the photocatalyst could
solve the problem of fast deactivation of TiOy by Cr(III) deposition. A
simple coating of TiO, by hydroxyl groups improves the fixation of Cr
(VI), as well as the desorption of produced Cr(III) from the surface of the
photocatalyst [54]. The photocatalytic reduction of Cr(VI), similar to
other pollutants, depends also on several operating parameters such as
the initial concentration of Cr(VI), the dosage of photocatalyst, intensity
and type of light irradiation, and the presence of interfering ions
[42,55-57].

3. Advances in materials design for Cr(VI) photoreduction
3.1. Inorganic semiconductor

Semiconductors have different performances towards the photore-
duction of Cr(VI). In fact, the semiconductor with more negative CB and
a high yield of separated electrons would perform better. In addition, a
semiconductor with lower oxidative power is more suitable for the
reduction of Cr(VI) into Cr(III) as unwanted oxidation of Cr(III) is less
pronounced. The surface interactions in terms of electrostatic attraction
can boost photocatalytic reduction. Therefore, a lot of studies proved
that the modification of the charge of photocatalyst surface to more
positive might enhance the interaction with Cr(VI), resulting in better
photoreduction. Djellabi et al. [26] have tested several photocatalytic
semiconductors with different band gaps and conduction band edges,
Fig. 5a, and it was found that Fe;O3 and g-C3N4 were the most effective
one (Fig. 5b). It was estimated that Fe,O3 has the best Cr(VI)

performance because it combines the photocatalytic production of
electrons and direct Cr(VI) reduction by iron species. However, in terms
of pure photocatalytic reduction, g-C3N4 was the best due to its high
conduction band compared to others. Photocatalytic heterojunction
systems were widely reported for enhanced photocatalytic reduction of
Cr(VI) due to the promoted charge carriers transfer in different hetero-
junction schemes such as ZnO/ZnS [58], CuyO/BisO7I [59], BisO71/
ZnAlBi-CLDHs [60], AgsP04/g-C3Ny [46], BiaWOg/BiaS3/MoS, [61],
BiO4 4/BiOCl [62], ZnInyS4/g-C3N4 [63], Agl/TiO, [64], TaON/
BipMoOg [65], etc. An example of a heterojunction system for Cr(VI)
reduction is shown in Fig. 5c; a Z-scheme AgInsSg/SnS; (AgInsSg
abbreviated as AIS) was designed for enhanced reduction of Cr(VI) [66].
The composite of ZnO/ZnS, also based on a Z-scheme, removed 100 % of
Cr(VI) within 60 min at 50 ppm [58]. It was found that bare AIS and
SnS; showed only 9.6 and 45.9 % towards Cr(VI) reduction within 100
min at 10 ppm, respectively. At the same time, AIS/SnS, can totally
reduce all Cr(VI) species in the solution within 20 min. Cr(III) deposition
on the surface of photocatalysts could be an issue during the real-world
application, as the photocatalyst could be deactivated and no further
light absorption can take place. The deposited Cr(III) could be removed
by extraction [23], but it is costly and a long step process. Zhang et al.
modified TiOy by carbon dots originally to improve the separation of
electrons for enhanced Cr(VI), and to enhance the selective adsorption
of Cr(VI) species because of positively charged carbon dots-TiOy [36].
On the other hand, a fast desorption of produced Cr(III) species was
found, which allows recyclability (Fig. 5d).

3.2. Combination of photocatalysis with adsorbent-based materials

One of the approaches to enhance the photocatalytic reduction of Cr
(VD) is the combination of semiconductor nanoparticles with adsorbing
materials. In general, the hybridization of photoactive nanoparticles
with adsorptive materials has been suggested as an excellent approach
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Fig. 5. (a) and (b): Redox potential of different photocatalysts, and their photocatalytic behaviour towards Cr(VI) reduction under visible light, (a) and (b)
reproduced with permission from [26]. (c): Z-scheme AIS/SnS, heterojunction towards the photocatalytic reduction of Cr(VI), reproduced with permission from [66].
(d): carbon dots modified TiO, for enhanced adsorption/reduction of Cr(VI) and easy desorption of produced Cr(IIl), reproduced with permission from [36].

to enhance the removal of pollutants from one side and solve some
technological issues from another side. Several synergistic pathways can
take place on the surface of such composites, known as Adsorb and
Shuttle process (Fig. 6a) [67-69]. Using naked photocatalytic nano-
particles has many drawbacks, such as the low adsorption ability and
mass transfer, which limits the interaction of pollutants with photo-
generated species (electrons or reactive oxidation species) since most
redox reactions occur on the surface of the photocatalyst. A single
photocatalyst can produce a high yield of by-products, and most of them
are released into the solution. Fast deactivation of single-component

photocatalysts is a common issue, which requires continuous regener-
ation after a certain time of use. After the treatment, the recovery of
nano-sized particles from water is very hard and requires a lot of energy.
The toxicity of the nanoparticles has been criticized recently in many
reports [70-72]. On the other hand, the fixation of nano-sized particles
on the surface of highly porous and adsorptive materials enhances the
mass transfer by concentrating the pollutants species on the surface to be
easily oxidized/reduced by photogenerated species. This process works
continuously and cooperatively. The oxidation of pollutants on the
surface also solves the problem of adsorbents’ fast saturation. By-
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products generation would be lesser as well in this composite system. In
addition, the separation of particles after the treatment would be easier
as compared to nano-sized photocatalysts. In terms of Cr(VI), a huge
number of sorbing/photoactive composites were reported such as
montmorillonite-TiO2 [73], montmorillonite-AgsPO4 [74], graphene-
ZnO [75], reduced graphene-TiOy [76], lignocellulosic biomass-TiO5
[77], active carbon/BiOI [78], activated carbon-CoNiWO4-gCN [79],
Fe;03-clay [80], CdS-reduced graphene oxide [81] and so on. The hy-
bridization of TiO5 with carbonaceous materials leads to a fascinating
enhancement in visible light absorption and charge transfer. TiOy hy-
bridized with carbon materials such as activated carbon, graphite, car-
bon nanotubes, or fullerene showed enhanced photocatalytic activity
under visible light as proved by a pool of studies [82-86]. This is because
their delocalized conjugated structures allow the formation of interfacial
electronic interactions and strong bonds which in turn work as a charge
exchange bridge between the photocatalytic nanoparticles and carbon
materials. In this regard, the carbon material can act as an electron
receiver, reducing the recombination of e—/h™ charges on the surface of
the photocatalyst [87,88]. Carbon materials are also excellent photo-
sensitizers to photoexcite non-visible light-based semiconductor, TiO,,
as proved by many studies [77,86,89,90]. It was reported that the hy-
bridization of TiOy nanotube arrays with graphene (GO) enhanced the
photochemical/photocatalytic abilities by 15 times as compared to bare
TiOy [91,92]. The interaction between carbon material and semi-
conductor might decrease as well the band gap [93,94]. The synthesis
method used for the preparation of photocatalytic/adsorbent composite
determines the desired physical and photonic characteristics. The ul-
trasonic process is one of the approaches that could help to design
nanomaterials with enhanced properties [95]. Djellabi et al. have hy-
bridized TiO4 by ultrasonic-assisted sol-gel with different supports such
as activated carbon, olive pits biomass, and wood shaving biomass

[77,90]. The authors claimed that, Ti-O-C bonds as bridge were formed
between TiO, nanoparticles and biomass. In terms of activated carbon,
Ti-O-C was not obvious; however, olive pits as a support showed very
intense Ti-O-C bonding bridge. As shown in Fig. 6b, this bridge promotes
the visible light absorption and charges transfer. Photocatalytic studies
showed that these materials can reduce effectively under visible light,
unlike bare TiOs. A red shift and narrowed band gaps were also observed
(Fig. 6¢). In addition, the photochemical current was several times better
as compared to bare TiO, as a result effective charge separation
(Fig. 6d).

3.3. Metal-organic frameworks (MOFs)

Metal-organic frameworks (MOFs) are functional hybrid inorganic-
organic materials that represent an attractive platform for the study of
complex reactions owing to the wide variety and easily tailored struc-
tures [96,97]. MOFs are made up of metal-oxo clusters joined by organic
linkers through strong chemical bonding that gives the three-
dimensional (3D) porous material structural integrity. MOFs, unlike
other microporous counterparts like zeolites, are responsive to external
stimuli and can perform photochemical processes in response to
photoexcitation of the organic linker, mimicking the behaviour of a
photocatalyst. MOFs outperform typical photocatalysts specifically due
to their large surface area (>1000 ng’l) and abundant active sites, and
tuneable pore diameters. For instance, MOFs exhibit several advantages
over traditional semiconductor-based photocatalysts, including
enhanced visible light absorption and excellent electron/hole produc-
tion. The efficient light harvesting may be achieved by fine-tuning the
HOMO-LUMO gap of MOFs at the molecular level by rational alteration
of the inorganic moiety or organic linker [98,99]. These intrusive
characteristics have increased the application of MOFs in various fields
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such as catalysis [100,101], separation [102,103], gas storage [104],
carbon dioxide capture [105], and so on [106]. In MOFs systems, the
organic linkers function as photo-harvesters that generate excited elec-
trons upon light absorptions and undergo metal-to-ligand charge
transfer (LMCT)). On this basis, the appropriate choice of inorganic
metal clusters and organic linkers is important for visible light har-
vesting. Enormous modification strategies such as the use of MOF-ligand
functionalization, encapsulation of semiconductors/photosensitizers,
and coupling with other materials like transition metal, noble metals,
and carbon have been explored to enhance the photoreduction of Cr(VI)
under UV-visible light region [107,108]. Based on these strategies, the
band gap of the pristine MOF is reduced to about 3.0 eV. For example,
the coupling of ZIF-8 (a band gap of 5.1 eV) with nanoparticles such as
CuPd [107] and Cdg 5Zng sS [109] resulted in a lower band gap of 2.65
eV and 2.53 eV, respectively compared to the pure ZIF-8. The scientific
advancement of MOF applications in photocatalytic Cr(VI) reduction
has been emphasized, as listed in Table 1. To summarize the catalytic
performance and reaction mechanism, representative examples of
typical amine-functionalized MOFs, semiconductor/MOFs composites,
noble metal/MOFs composites, and carbon/MOFs composites were
selected.

As earlier stated, the application of pristine MOFs is limited because
of the wide bandgap that only permits activation under UV light. The
photosensitive nature of MOFs was first observed with MOF-5, which
has an absorption excitation of 400 nm, making it viable to be used as a
photocatalyst [110]. The addition of the amine functional group to MOF
photocatalysts is a common approach used to promote the visible light
response ability [111,112]. The addition of the - NH; group can have a
major impact on O to Ti charge transfer (LMCT) to build visible light
responsive NHy-MIL-125(Ti) up to 520 nm [113,114]. MOFs based
photocatalysts such as MIL-125 [115], MIL-68, NH,-MIL-88B (Fe) [116]
MIL-68(In)-NHy [117], UiO-66(NH,) [118], and UiO-66-NH2(Zr/Hf)
[113] have been reported to have excellent photoreduction of Cr(VI).
Shi et al. [119] reported that the amine-functionalized iron(III) MOF
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(NH,-MIL-88B (Fe)) was very effective for Cr(VI) photoreduction and
stable in terms of recycling compared to MIL-88B (Fe) and commercial
TiOy (P25). It was proved that the addition of amine groups was the
reason behind the higher visible light response. Fe(III)-based MOF in-
creases visible absorption. In addition, amine functionality stimulates
the production of more electron-hole pairs under visible light to be
transferred to Fes-ps-oxo clusters resulting to increased photocatalytic
activity. The modification of the charge of MOFs surface can signifi-
cantly improve the fixation and reduction of Cr(VI). Highly cationic
charged Ru-UiO-dmbpy(1) linked with an excellent visible light
responsive moieties (Ru(bpy)s) was reported [120]. As shown in Fig. 7a,
Ru-UiO-dmbpy(1) plays an important role in fixing Cr(VI) anions by ion-
exchange reaction followed by reduction via photogenerated electrons.
The adsorption was enhanced 8.26 times compared to bare UiO-bpy,
while the photocatalytic reduction was outstandingly promoted,
wherein the photocatalytic reduction rate constants were found to be
(kq) of 0.011 min ! for Ru-UiO-dmbpy(1) against 0.003 min " for bare
pristine UiO-bpy under visible light without the addition of hole scav-
enger. The fabrication of semiconducting MOF-semiconductor hetero-
junctions is an effective strategy to improve the photogenerated charge-
separation efficiency and is crucial for promoting the photocatalytic
reduction of Cr(VI). The synthesis of unique MOFs nomenclature by
combining with other semiconductor materials leads to the formation of
heterojunctions that capture and transfer the electrons across the
interface from one material to another, resulting in efficient charge
separation and improved selectivity of catalysts. The binary composite
composed of Bip4O31Br;o@BUC-21 achieved a photocatalytic reduction
of 99 % compared to BUC-21 (22 %) under visible light. The excellent
performance was attributed to the enhanced electron transfer displayed
by the Biz4031Brio@BUC-21 compared to bare BUC-21 MOF [121].

In addition, the controllable incorporation of noble metals into the
MOFs can equally improve the absorption of light and enhance the
production of separated charges. The localized surface plasmon reso-
nance (LSPR) effect of the noble metals could further enhance the solar-

Table 1
MOF -based nanomaterials applied for Cr(VI) photoreduction.

S/ MOF-based nanomaterial Bandgap energy BET specific surface area catalyst mass wavelength Reaction Time Removal Ref

N (eV) (m?%/ 2) (mg) (nm) (min) efficiency

A. Titanium MOFs
NH- MIL-125(Ti) 2.65 1344 2.0 420 60 97 [115]
NTU-9/NH,-MIL-125 2.22 1267 20.0 450 90 70 [131]
CuS/MIL-125(Ti) - 1303 2.5 420 75 55 [132]

B. Zirconium MOFs
Ui0-66-(OH), 2.8 561.5 5.0 420 40 80 [133]
UiO-66(NH3) - 756.04 2.0 420 80 97 [118]
UiO-66-NH,@ZnIn,S, 2.42 - 3.0 420 30 100 [134]
RGO-Ui0-66(NH;) - 767 2.0 420 100 100 [130]
Pd@UiO-66-NH, 836.6 2.0 420 90 99 [99]
Ag/AgCl/NH,-UiO-66 2.83 - 25.0 420 150 74 [135]

C. Iron MOFs
MIL-53(Fe) 2.72 - 4.0 420 40 100 [136]
MIL-53(Fe)/SnS - 34.0 5.0 420 60 71.3 [137]
g-C3Ny4/MIL-53(Fe) 2.51 18.5 2.0 420 180 100 [125]
MIL-101(Fe)/g-C3N4 2.26 131.6 2.0 420 30 100 [138]
NH,-MIL-88B(Fe)/CD-50 1.98 29.8 2.0 420 30 95 [139]

D. Transition metals
MIL-68(In)-NHy 2.82 674 4.0 420 180 97 [140]
MWCNT/NH,-MIL-68(In) 2.43 801 4.0 420 60 100 [141]
Cd-MOF1 2.98 - 7.0 365 50 100 [142]
CdS/MOA(Cr)-20 1.7 714.4 5.0 420 120 99 [143]
Zn-MOF 2.12 - 1.5 420 30 96 [144]
NH.- ZIF-8 - 1025 2.0 400 180 96 [145]
Cdo.5Zng sS@ZIF-8 2.53 174 4.0 420 10 100 [109]

(CZS@760)
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Fig. 7. (a): Ru-UiO-dmbpy(1) based MOFs for enhanced photoreduction of Cr(VI). Reproduced with permission from [120]. g-C3N4/NH2-UiO-66 (Zr) heterojunction
for Cr(VI) photocatalytic reduction and tetracycline hydrochloride (TC-HCI) oxidation, reproduced with permission from [129].

energy conversion efficiency of photocatalyst [122,123]. The tailorable
structure and tuneable pores of MOFs-based photocatalysts permit the
immobilized noble metal nanoparticles onto MOFs’ framework. In sys-
tem Pd@UiO-66(NH>), Pb plays an important role in producing charges
and enhancing their separation, wherein a high reduction rate was ob-
tained compared to Pb free MOF [99].

The hybridization of MOFs with carbon materials such as carbon dots
(CDs), carbon quantum dots (CQDs), graphene, and g-C3N4 has achieved
high photoreduction. Lin and colleagues [124] synthesized MIL-53(Fe)/
CQD to overcome this limitation associated with rapid charge recom-
bination. The synthesis of MOF nanocomposites MIL-53(Fe)/CQD dis-
played promoted visible light response due to the n-n* and n-n*
transitions in CQDs. The MIL-53(Fe)/CQD completely reduced Cr (VI)
photo-catalytically during the 50 min reaction time compared to the
MIL-53 (Fe), achieving a moderate reduction of 48 % because of charges
transfer between Fes-p3-oxo cluster and CQD. CQD can act as a photo-
sensitizing to promote the excitation rate of the composite.

The fabrication of MOF/g-CsN4 hybrid composites results in
improved photocatalytic performance attributed to increased pore vol-
ume, effective charge carrier separation, reduced recombination rate of
photogenerated charges, and broad solar spectrum absorption. The
pristine g-C3Ny is associated with restacking and aggregation; however,

the MOFs in MOF/g-C3N4 hybrids help prevent restacking and aggre-
gation. Several g-C3N4/MOFs hybrids such as MIL-101(Fe)/g-C3Ny
[125], g-C3N4/MIL-53(Fe) [126], g-C3N4/UiO-66 [127], BUC-21/g-
C3Ny4 [128], g-C3N4/NH2-UiO-66 (Zr) [129] have been widely reported
for Cr(IV) photocatalytic reduction. An example of a g-C3N4/MOFs
hybrid composite is shown in Fig. 7b. It showed the z-scheme of g-C3N4/
NH,-UiO-66 (Zr) heterojunction promotes Cr(VI) reduction and TC-HCIL
oxidation [129]. The combination of MOFs with reduced graphene oxide
(rGO) showed an excellent synergistic effect on the fast photocatalytic
reduction of Cr(VI), including enhanced light absorption, charge sepa-
ration, excellent surface area, and better stability. It was reported that
the incorporation of rGO into UiO-66(NHy) improves the light absorp-
tion up to 800 nm [130]. Therefore, enhanced Cr(VI) degradation was
found due to improvement in adsorption ability and longer photo-
generated electrons life time. However, the optimization of rGO that is
incorporated in the MOFs is important to balance among the physical,
photonic, and photocatalytic characteristics.

3.4. Photoactive organic polymer

Organic polymers as photocatalysts have been used recently for the
removal of a wide range of organic and inorganic pollutants from water
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or air [34,35,146]. Organic conjugated polymeric photocatalysts show
several advantages as compared to inorganic semiconductors, such as
highly tuneable photonic and electronic characteristics, less toxic and
easy-to-prepare in some cases [34,147-149]. On top of that, conjugated
polymers (CPs) redox potential can be easily and precisely controlled by
changing or combining with a given electron donor or electron acceptor
compounds [150]. CPs that exhibit extended n — n* and n — n* tran-
sitions give result in promoted optical, longer-lived charge carriers and
photocatalytic characteristics [151]. CPs can be used as a photocatalyst
to reduce Cr(VI) directly or/and to enhance the photonic and physical
characteristics of inorganic semiconductors for synergistic and
enhanced reduction [148,152,153]. Among polymeric photocatalysts,
graphitic carbon nitride (PCN) has been regarded as a promising ma-
terial due to its synthesis, stability in water at different pH, thermal
stability, relatively small band gap (2.7 eV), and also excellent photo-
activity [154,155]. Even though PCN has moderate oxidation ability, it
received a lot of attention towards the photoreduction of Cr(VI),
showing better efficiency than many other bare common photocatalysts
because of its negative CB [26]. Li et al. [156] edited the electron-
donating ability of conjugated heptazine polymers by inserting
different heteroatoms (dibenzofuran, carbazole, dibenzothiophene) for
Cr(VI) under visible light. All modified heptazine polymer composites
showed excellent photoreduction of Cr(VI) as compared to unmodified
because of the enhancement in the electronegativity of CB and promoted
charge separation. The modification of CPs by ferrocene might also
promote the photocatalytic reduction of Cr(VI). Wang et al. [157] re-
ported the synthesis of two CPs based on 4,4’-biphenyldicarboxaldehyde

and 2,4,6-tris(4-aminophenyl)-1,3,5-triazine, namely ferrocene-
(a)
<
Cr(VD)

Cr(1IDn)
Another route:

-

TCTA-based CP

Fig. 8. (a): Ferrocene-containing CPs and ferrocene-free analogue for photocatalytic reduction of Cr(VI), reproduced with permission from [157]. (b): Magnetic
recoverable TCTA-PVP based polymer coated Fe304 for Cr(VI) reduction, bacterial inactivation and dye oxidation, reproduced with permission from [41].
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containing CPs and ferrocene-free analogue. It was found that
ferrocene-containing CP (1 g/L) is able to reduce 99 % of Cr(VI) at 25
ppm within 15 min under visible light, while ferrocene-free analogue
showed a reduction rate of 99 % within 60 min. The introduction of
ferrocene units into the backbones of CPs limits the recombination of
charges and results in routes Cr(VI) reduction as shown in Fig. 8a.
Dijellabi et al. synthesized novel CPs based on the hybridization of Tris(4-
carbazoyl-9 ylphenyl)amine (TCTA) with polyvinylpyrrolidone and 4,
4'-bipyridine linker [151]. Such a polymerization results in stable full
visible light responsive photoactive polymer. Because TCTA exhibits a
highly negative LUMO of 2.48 V at pH 7 much more compared to TiOz
(0.84V), it allows a fast thermodynamic photoreduction of Cr(VI). It was
found also that Cr(VI) reduction can be occurred at higher pH value up
to 8, unlike TiO,. The same CPs were combined with Fe3O4 to obtain a
magnetic photocatalyst for easy recovery [41]. In addition, an enhanced
Cr(VI) reduction was obtained because of the synergistic redox effects of
CPs and Fe304 (Fig. 8b).

4. Simultaneous removal of Cr(VI) and organic pollutants via
photocatalysis

Due to the co-existence of Cr(VI) and organic pollutants in waste-
water, the simultaneous removal of them is of particular importance for
practical pollutant remediation [158]. However, with the rapid devel-
opment and refinement of industry, the types of pollutants have also
increased sharply. The strong and complex interactions between
different organic pollutants and Cr(VI) further complicate the pollution
conditions and make them recalcitrant to the traditional treatment
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methods [159]. The following sections discuss the simultaneous
photoreduction of Cr(VI) and photooxidation of different organic pol-
lutants. Table 2 summarizes the results and main redox species in Cr
(VI)/organic pollutants systems.

4.1. Photocatalytic removal of dyes and Cr(VI)

The majority of dye-containing water usually encompasses heavy
metal ions, which return to nature as toxic waste [160,161]. The
simultaneous photoreduction of Cr(VI) and photooxidation of dyes have
been a hot research topic recently. During the oxidation of a dye, it
simultaneously plays the role of the hole and ROS scavenger for
enhanced Cr(VI) reduction. The oxidation of different dyes during Cr(VI)
reduction was studied, such as Luranzol S Kong by TiOy [162], methy-
lene blue (MB) by TiO5 [161], rhodamine B (RhB), crystal violet (CV),
methyl orange (MO) by CuyO/BiVO4 [163], MB, MO and RhB by Fe-by
MOF [164], RhB by g-C3N4 [165], RhB by Co-doped ZnWO4 [166], MO
or RhB by SnO,/rGO [167] and so on. Many reports showed that there
was an enhancement in the reduction of Cr(VI) and organic dyes because
of inhibition of charge recombination [161,168]. The photolysis of dyes
might produce excited dye molecules which can participate in the
reduction of Cr(VI) [163].

4.2. Photocatalytic removal of phenols and Cr(VI)

Phenol and its derivatives are other typical organic pollutants that
widely co-exist in Cr(VI)-containing wastewaters that are discharged
from pharmaceutical, printing, textile and petrochemical [169,170].
However, phenol and its derivatives are benzene-containing com-
pounds, and they are more stable than dyes due to the p-orbitals of the
benzene ring [171]. More importantly, the adsorption capacity of
common adsorbents of phenols is not satisfactory. Owing to their high
toxicity, the co-existence of phenols and Cr(VI) is more hazardous to the
environment than that of dyes. As a classical photocatalyst, TiO,-based
photocatalysts were firstly employed to remove phenols and Cr(VI) via
photocatalysis [172-174]. For instance, CoOx-loaded TiO2-based nano-
sheets were successfully synthesized and used to remove phenol and Cr
(VD) under visible light [174]. The results indicated that the highly
dispersed CoOy nanoparticles on the surface of nanosheets significantly
improved the removal efficiency of phenol and Cr(VI), which was
proved by determining the concentrations of these two contaminants. In
addition to TiOs-based photocatalysts, many other photocatalysts, such
as BiVOy4 [175], Fes04/RGO [176], BigWOg [177], ZnO [178], g-C3Ng4-
based catalysts [179,180] were also used to remediate the contamina-
tion of phenols and Cr(VI) simultaneously. In recent years, MOFs were
also found to be efficient photocatalysts for this purpose [125,181,182].

Journal of Water Process Engineering 50 (2022) 103301

Gong et al. [183] fabricated Ag/AgCl/MIL101(Fe) for simultaneous Cr
(VD) and phenol oxidation-reduction. The authors disclosed that the
reductive quinone derivatives played an important role in reducing Cr
(VI) by excluding surface adsorption. Meanwhile, *OH radicals were
responsible for phenol oxidization at the initial stage, while 102’ which
evolved from O3 also contributed to the phenol degradation. Addi-
tionally, *O3 could also gradually cause the accumulation of quinone
intermediates and thus, promoting the Cr(VI) reduction. Recently, it was
proved that Cr(VI) intermediates, i.e., Cr(V), could participate in the
oxidation of organic phenol compounds on the surface of g-C3N4 (Fig. 9)
[184]. In general, the conversion of Cr(VI) to Cr(V) is unfeasible because
of the high energy barrier of 1.40 eV in the mixture of Cr(VI)/phenol,
meanwhile, the conversion of Cr(V) to Cr(III) required an energy of 0.34
eV. Therefore, these successive conversion are a limiting step, without
additional energy [52]. In photocatalytic system, the energy barrier of
Cr(VI)/Cr(III) on the surface of g-CsN4 is 0.75 eV. However, after the
addition of phenol (BPA), the energy barrier decreased to 0.42 eV,
making the conversion thermodynamically faster and easier.

4.3. Photocatalytic removal of pharmaceutical and personal care
products (PPCPs) and Cr(VI)

PPCPs are another kind of organic pollutant that has been detected in
waterbodies in different countries [185-187]. Particularly, PPCPs in
groundwater and surface water pose a great threat to the environment
and human health. However, the PPCPs usually occur at very low levels
(ppb or ppt), and this makes the traditional methods ineffective at
removing them [188]. Several studies have been carried out towards the
simultaneous removal of Cr(VI) and PPCPs using photocatalytic tech-
nology. Chen et al. [189] successfully prepared a polyaniline-modified
MIL-100 (Fe) through ball milling, and the harvested Z-scheme MIL-
100(Fe)/PANI composite showed outstanding Cr(VI) photoreduction
(100 %) and TC photodegradation (84 %) under white light. Ma Ding
and co-workers [190] designed a covalent organic framework (COFs)
with different heterocyclic nitrogen locations, and the COF was pre-
pared from 3,6- diaminepyridazine (named COF-PDZ) showed excellent
Cr(VI) reduction performance due to its stronger affinity to Cr(VI). Be-
sides, COF-PDZ could also inactivate E. coli and oxidize paracetamol
under visible light. More importantly, the photocatalytic performance of
heterocyclic nitrogen-doped COFs can be adjusted by changing the po-
sitions and numbers of heterocyclic nitrogen atoms in COFs.

4.4. Photocatalytic reduction of herbicide/pesticides and Cr(VI)

With the continuous growth of the world’s population and the
gradual improvement of agriculture, pesticides and herbicides are

Table 2
Simultaneous photocatalytic removal of organic pollutants and Cr(VI).

Photocatalyst Organic pollutant Light source Oxidative species Reductive species Ref.

TiOy- Ag@Fe;03 Dye X3B Xenon *OH and *O3 e~ reduction [197]
Ag/ZnO@CF Phenol Xenon h* and *0O3 e~ and O, [198]
AgFe; «Cu,O, composite Acid Red G Vis h* and *03 e [199]
BiOBr/TzDa COF Rhodamine B Vis h*, *OH and *0O3 e~ [200]
Co(ID)-Modified TiO» bisphenol A uv *OH and *O3 Co(I) and e~ [201]
TiO, microspheres Methyl Orange uv h* and "OH e [202]
COF Paracetamol Vis ‘05 e~ [190]
Agl/BiySn,07 Tetracycline Vis h*, *OH and *05 e [203]
Fluorinated anatase TiO2 p-Chlorophenol Vis h* e [204]
Y-Doped TiO, nanosheets Methyl Orange uv h*, *OH and 05 e [205]
Ce0,/g-C3N4 2,4-dichlorophenol Vis h* and *OH e~ [206]
FeWO, nanosheets acid red G Vis *OH and *O3 *COy [207]
Ag/TiOy Ag/TiO, 4-chlorophenol uv h* Organic by-products and e~ [207]
hydroxylated -Fe;O3 4-Chlorophenol Vis *OH, H,0,, h' and *0O3 e~ and O, [208]
Cu0/BiVOy4 MB, RhB, CV, MO. Vis h* e [163]
single crystalline ZnO nanoplates phenol uv h' e [178]
B-N-F tri-doped TiO, benzoic acid Vis Ti**-0~ oxygen vacancies *O,H and *OH radicals Organic by-products and e~ [209]
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Fig. 9. (a): Role of Cr(V) intermediate for the oxidation BPA in g-C3N4 pho-
tocatalytic system. (b): Energy barriers of Cr(VI) species, BPA in different sys-
tems, a: Cr(VI)/BPA; b: Cr(VI)/g-C3Ny4; and c: Cr(VI)/BPA/g-C3N4. Reproduced
with permission from ref. [184].

increasingly widely used. However, excess pesticides and herbicides
may enter the water body with the scouring of rainwater, resulting in
harm to the environment and human health [191-193]. Generally,
pesticides are able to eliminate pests, while herbicides specifically
eliminate weeds and other unwanted plants. According to the former
studies, herbicides and Cr(VI) often coexist in practical wastewater, and
thus, developing effective methods for simultaneous removal of them
will be of great importance. To address the above concerns, Yang et al.
[194] prepared a BiyS3 modified-TiO5 nanotube (NT) using the pulsed
electrodeposition technique. The 3D white fungus-like BiyS3/TiO5
showed exciting performance in the simultaneous detoxification of 2,4-
dichlorophenoxyacetic acid and Cr(VI) under visible light irradiation.
The mechanistic study indicated that *OH radicals initiated by photo-
generated h™ played a dominant role in the breaking of the 2,4-D ben-
zene ring, while Cr(VI) was the acceptor for photogenerated e~ and
therefore accelerated the degradation of 2,4-D. In another study by
Oladipo [195], WOs/MIL-53(Fe) was synthesized and exhibited
remarkable photocatalytic performance in the removal of Cr(VI) and
oxidation of 2,4-dichlorophenoxyacetic acid (2,4-D). Their results
showed that after 240 min sunlight.

irradiation, 94 % of Cr(VI) reduction was achieved in the presence of
WO3/MIL-53(Fe). Besides, the 2,4-D was degraded by the photo-induced
h™. Most recently, Majhi et al. [196] synthesized two kinds of CuBizO4-
based heterojunction: BizO3/CuBizO4 (BO/CBO) and CuO/CuBixO4
(CO/CBO), for the simultaneous remediation of 17a-ethinylestradiol
and Cr(VI). To improve the photocatalytic performance, the two cata-
lysts above were further modified using plasmonic Ag nanoparticles to
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construct Bi;O3/CuBis04/Ag (BO/CBO/Ag) ternary composite material.
The degradation efficiency of 17-a Ethinylestradiol (EE2) and Cr(VI)
reduction under visible light irradiation by the ternary composite
reached 94.6 % and 96.9 %, respectively. The radical analysis indicated
that *OH and *O; were identified as the major ROSs towards EE2
oxidation.

5. Analysis of real state of photocatalytic reduction of Cr(VI)

The transfer of a given raised technology is based on several factors
such as the effectiveness, the low-cost, the sustainability in comparison
to existing technologies. Even though the photocatalytic reduction of Cr
(VD) has been widely reported, it transfer to real world application is still
not achieved. Certainly, the issue of photocatalytic Cr(VI) reduction is
similar to global issue of photocatalytic technology as discussed criti-
cally by several authors [70,210], namely slow kinetics, by-products
formation, confusion regarding the type of reactor and irradiation
light, deactivation of photocatalysts and so on. Therefore, solving most
of technology issues of photocatalysis might the transfer of photo-
catalytic reduction of Cr(VI) as well. However, what are the specific
issues of Cr(VI) photoreduction? In terms of kinetics, the reduction of Cr
(VI) depends on three factors, one is associated with the activity of the
used materials, and as well the pH of solution and the used hole scav-
enger. The kinetics of Cr(VI) reduction decreases as a function of pH. In
addition, the presence of appropriate hole scavenger is very important,
which might be an issue at large scale [211]. In terms of reduction
ability, some studies showed satisfactory photoreduction of Cr(VI) at
reasonable time, while other studies showed slower reactions. The
capital issue of photocatalytic Cr(VI) reduction is the deposition of Cr
(II) on the surface of the photocatalyst leading to its deactivation. But
research studies have reported to overcome this issue as discussed
above. Compared to simple adsorption, photocatalytic reduction of Cr
(VI) is more effective so far based on many research studies [33,212].
The photocatalytic technology towards Cr(VI) reduction can compete
with several existing technologies such as chemical precipitation [213],
coagulation and flocculation [214], electrochemical treatments [215],
membrane filtration [216], etc. The advantages of those methods are
outweighed by critical problems arising: high operational costs, pro-
duction of sludge, long-term environmental impacts of sludge disposal,
and transfer of toxic compounds into a solid phase. Remarkably, the
photocatalytic process reduces the development cost by intercepting the
use of large amounts of chemicals and introducing easy and unpreten-
tious installation, but still suffering from the efficiency requirements to
be immediately amended. More and more efforts are being made to
promote the photocatalytic reduction of Cr(VI) to Cr(III). Summarized
comparison of photocatalytic technology towards Cr(VI) reduction with
other technologies in terms of their assets and liabilities is shown in
Table 3. Methods are classified into homogenous and heterogenous. In
general, homogenous systems would be costly because of the system is
used just once. However, heterogenous systems can be recycled for
several times, allowing to reduce the cost of large scale Cr(VI) removal.

6. Conclusions and future trends

The photocatalytic conversion of Cr(VI) into Cr(III) has been one of
the hottest research topics over the last decade. Several conclusions
could be drawn based on the literature and the real state of using pho-
tocatalysis for Cr(VI) photoreduction.

- Among many photocatalytically reducible heavy metals, Cr(VI) has
received the greatest attention from the scientific community
because of its harmful impact on the environment, animals, and
humans. Chromium is classified in group 1 of highly carcinogenic
compounds. Furthermore, the geographic distribution of Cr(VI)
water pollution affects all the regions. This harassed more research
on Cr(VI) photoreduction. Technically, the simplicity in terms of
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Table 3
Comparison of Cr(VI) reduction techniques.
Technology Assets Liabilities
Conventional methods
Coagulation Homogenous Low capital costs Toxic of coagulants
Flocculation Simplicity and Sludge production
effectiveness High operation cost
Easy operation Application of
Relatively simple chemicals
design Transfer of metals
Low energy into solid phase
consumption Complexity of
scaling
Chemical Homogenous Easy operation Post treatment
precipitation Ambient requirement
conditions Toxic sludge
Low capital costs production
Ease of pH control Large amount of
chemical use
Hazardous storage
and chemicals
handling
Electrochemical Homogenous Easy operation High energy
treatment High selectivity consumption
Reduced sludge Cell and electrode
production dependence
No additional Post treatment
chemical use requirement
pH control needed
Adsorption Heterogenous  Availability of Low selectivity and
adsorbents capacity
Easy operation and ~ Complicated
low cost reactivation
Relatively simple Post treatment
design requirement
Disposal of
adsorbents
pH control needed
Membrane Heterogenous  Availability of Membrane fouling
filtration membranes and clogging
High selectivity High production and
Easy operation operation cost
Toxic sludge
production
High energy
consumption
Ion flotation Heterogenous  Easy operation and  Difficulty in metal
flexibility ion separation
High selectivity High production and
Low energy operation cost
consumption Complexity of
Reduced sludge scaling
production pH control needed
Ion exchange Heterogenous  Low-cost materials Low stability and

Biosorption

Electrodialysis

Photocatalysis

Easy operation
Cost-efficiency
High selectivity

Modern and promising technologies

Heterogenous

Heterogenous

Heterogenous

Simple operation
Low sludge
production

Low operational
costs

Removal
efficiencies and
regeneration
Reusability of
effluent water
Rapid removal
process
Efficiency
Variety of catalysts
No sludge
production

reusability

Fouling of exchange
matrix

High production and
operation cost

pH control needed

pH and temperature
control needed
High maintenance
cost

High energy
consumption

Membrane fouling
High energy
consumption

High sludge
production

pH control needed
Catalyst properties
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Table 3 (continued)

Technology Assets Liabilities

Simple operation influence efficiency
and Complexity of
operation cost scaling

analysis of Cr(VI) by direct spectrophotometric approach (with or
without the addition of 1,5-Diphenylcarbazide) might have facili-
tated the immense research studies conducted globally.

— Several classes of photocatalytic materials have been reported for the
reduction of Cr(VI). Similar to all photocatalytic studies, predomi-
nantly applied approaches, namely doping, heterojunction systems,
combination with carbon materials, MOFs and conjugated polymers,
and so on, were reported for synergistic or/and enhanced photo-
catalytic reduction of Cr(VI). In several cases, conjugated polymers
have been reported to be excellent photocatalysts for Cr(VI) reduc-
tion. However, the stability of most conjugated polymers and light/
self-oxidation are serious matters to be taken into consideration.

— MOFs-based photocatalysts showed excellent Cr(VI) photoreduction;
however, MOFs suffer from low structural stability, photo-corrosion,
poor recycling ability, and unstable crystallinity and periodicity
[217]. Therefore, further investigation to understand the parameters
to control and prevent the destruction of MOFs.

— The combination of inorganic semiconductors with carbon-based
materials can enhance the photocatalytic reduction of Cr(VI)
through Adsorb and shuttle Process, photosensitizing, and enhanced
photo-generated charge separation.

— Another issue of Cr(VI) photocatalytic reduction is the narrowed pH
range, as Cr(VI) can be reduced effectively only in an acidic medium.
Even though many reported materials can work at higher pH values
up to 7, they have slower reduction kinetics. Therefore, the reduction
of Cr(VI) in real wastewaters could be limited by the pH. In addition,
many classes of photocatalytic materials exhibit high corrosion at
low pH, which requires the fabrication of highly stable materials in
an acidic medium.

— The development of smart materials/composites exhibiting simul-
taneously Cr(VI) reduction and organic pollutants degradation is still
a challenging hot research area, especially if the photocatalytic tests
are carried out to treat real wastewater.

— The produced Cr(III) can be adsorbed on the surface or released from
the surface to the solution. The adsorption of Cr(III) on the surface of
the photocatalyst could lead to catalyst deactivation. Recovering Cr
(II) from the photocatalytic material is quite difficult and costly in
some cases. Very few recent studies have edited photocatalytic ma-
terials to enhance the selectivity of Cr(VI) and fast desorption of the
generated Cr(III).

— The evaluation of the photocatalytic materials used for Cr(VI)
reduction should be done under moderated light irradiation that
would be similar to real conditions as pollution is reaching surface
waters.

- Socio-economic assessments are still missing in order to compare the
photocatalytic Cr(VI) reduction process with other available tech-
nologies/processes. In addition, computational studies are recom-
mended for predicting the suitable materials and photocatalytic
mechanisms.

From our point of view, we believe that optimizing the photo-
catalytic Cr(VI) reduction should pass by necessary steps. As a future
direction, recommendations for the synthesis of cost-effective and effi-
cient materials for sustainable photocatalytic Cr(VI) reduction are
summarized in Fig. 10.
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Accurate photocatalyst synthesis for Cr(VI) reduction

Photocatalytic materials and system evaluation
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Accurate photocatalytic Cr(VI) reduction tests

Fig. 10. The scheme shows the accurate synthesis of photocatalytic materials, accurate photocatalytic Cr(VI) reduction, and evaluation of the photocatalytic system

after the treatment.

BUC-21 2D coordination polymer of Zn(bpy)L (bpy = 4,4’-bipyridine;

L = cis-1,3-dibenzyl-2-imidazolidone-4,5-dicarboxylic acid)
CB conductive band
COFs covalent organic framework

CPs conjugated polymers
CQDs carbon quantum dots
GO graphene oxide

HOMO  Highest Occupied Molecular Orbital
LSPR localized surface plasmon resonance
LUMO  lowest unoccupied molecular orbital
MOFs metal-organic frameworks

NPs nanoparticles

PCN polymeric carbon nitride

PPCPs  pharmaceuticals and personal care products
PVP polyvinylpyrrolidone

ROSs reactive oxygen species

TC-HCl tetracycline hydrochloride

TCTA tris(4-carbazoyl-9-ylphenyl)amine
TCTA tris(4-carbazoyl-9-ylphenyl)amine
VB valence band
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