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Abstract

The hazards associated with hexavalent chromium, Cr(VI), have prompted extensive re-
search into treatment technologies for chromium-containing industrial effluents. Selec-
tion of an appropriate process depends on wastewater composition, treatment objectives,
cost-effectiveness, operational feasibility, and monitoring and maintenance requirements.
Mesoporous materials, with pore diameters of 2-50 nm, offer accessible surfaces and pore
networks that can support adsorption and photocatalytic reactions. Following the indepen-
dent discovery of ordered mesoporous materials in the early 1990s by researchers at Mobil
and other research groups, their tunable physicochemical properties have supported appli-
cations across environmental catalysis. In Cr(VI) photoreduction, accessible surface area,
pore connectivity, and surface functionality influence chromium-oxyanion adsorption and
reactant transport, while semiconductor composition and interfacial architecture govern
light absorption and charge-carrier behaviour. This review examines recent advances in
mesoporous photocatalysts for Cr(VI) reduction, focusing on the relationships between pore
structure, chemical composition, and reported treatment performance. Metal oxides, carbon-
based composites, metal-organic and covalent organic frameworks, and heterostructured
systems are discussed alongside strategies involving doping, sensitisation, and interfacial
engineering. Particular attention is given to distinguishing adsorption and direct photolysis
from photocatalytic reduction and to interpreting performance under different irradiation,
pH, and electron-donor conditions. The reviewed literature indicates that mesostructuring
can enhance photoreduction when accessible pores are combined with suitable surface
chemistry and efficient charge utilisation. However, differences in experimental condi-
tions limit direct comparison between materials. Catalyst recovery, aqueous stability, metal
leaching, realistic wastewater matrices, and reactor design remain central considerations in
translating laboratory performance into sustainable treatment applications.

Keywords: photocatalysis; photocatalytic reduction; mesoporous materials; heavy metal;
hexavalent chromium; adsorption; wastewater treatment; catalyst; nanomaterials

1. Introduction

Chromium is a widespread heavy metal contaminant in aquatic ecosystems. Chromium
occurs primarily in two environmentally important oxidation states: Cr(III) and Cr(VI).
Cr(VI) compounds generally exhibit greater toxicity and mobility than Cr(III) compounds
and are associated with mutagenic and carcinogenic effects [1,2]. Wastewater containing
Cr(VI) is discharged from industrial processes including electroplating, leather tanning,
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textile dyeing, pigment production, metallurgy, and chromate manufacturing [1,2]. Appli-
cable limits vary by jurisdiction and water-use category; limits for total chromium should
be distinguished from those for Cr(VI) [1,2].

The demand for sustainable wastewater treatment processes is rising due to increasing
pressure on global water resources. It has been estimated that changes in the global water
cycle will result in major risks to human health, food security, economic development, and
ecosystem sustainability [3]. This has intensified research into eco-friendly, cost-effective,
and energy-efficient wastewater reclamation processes. Reduction of Cr(VI) to less toxic
Cr(III) is one of the most widely used chromium removal methods. Since Cr(VI) is far more
toxic than Cr(III) [1,2], Cr(III) can be precipitated as Cr(OH); under controlled pH condi-
tions and then removed from aqueous solutions [1]. Various conventional methods, such as
chemical reduction, adsorption, ion exchange, membrane separation, and electrochemical
methods, have been successfully used to remove Cr(VI). Nevertheless, they generally have
drawbacks, including large dosages of chemicals, secondary pollutant generation, sludge
production, operational complexity, and high treatment costs [1,2]. These limitations have
prompted research into advanced treatment techniques capable of efficiently and sustainably
removing Cr(VI).

Among emerging remediation technologies, photocatalytic reduction has attracted in-
terest as a light-driven route for converting Cr(VI) to Cr(III), including systems designed to
utilise solar irradiation. Light absorption by a semiconductor generates electron-hole pairs;
photogenerated electrons participate in Cr(VI) reduction, while holes are consumed by
oxidation of water or organic species [2]. Photocatalysis can operate under mild conditions
and may reduce chemical demand when suitable electron donors or oxidizable co-pollutants
are available. These advantages depend on catalyst stability, irradiation conditions, and the
composition of the treated water, rather than being inherent to every photocatalytic system.
Consequently, evaluating Cr(VI) remediation requires consideration of both the reduction
reaction and the associated oxidation process, together with subsequent management of
the Cr(IIl) product [1,2].

A schematic representation of the light absorption process and the corresponding band
structure involved in photocatalytic reactions is presented in Figure 1.
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Figure 1. Schematic illustration of the general photocatalytic mechanism for Cr(VI) reduction: (i) light
absorption and photoexcitation across the band gap, (ii) interfacial charge separation and transfer,
and (iii) surface redox reactions reducing Cr(VI) to Cr(III) while oxidising an organic pollutant/hole
scavenger (schematic overview; see Ref. [2]).
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Despite recent improvements, challenges remain, including catalyst recovery, photo-
corrosion, sustainability, metal leaching, treatment of industrial wastewater, and scale-up.
These issues have been addressed in recent studies through approaches such as devel-
oping magnetic composites that facilitate catalyst recovery [4], heterojunction design to
improve charge separation [2], and incorporation of MXenes into photocatalytic composites
to improve interfacial charge transfer [5,6].

Metal-organic frameworks (MOFs) represent a particularly versatile class of porous
materials with tunable photocatalytic properties. Frameworks containing mesopores can
offer additional transport advantages, although MOFs are not intrinsically mesoporous.
MOFs are crystalline porous materials constructed from metal nodes and organic linkers, of-
fering controllable pore size, tunable pore surface chemistry, low density, and exceptionally
high surface area. These features enable MOFs to be widely applied in adsorption, photo-
catalysis, and heterogeneous catalysis. In the context of Cr(VI) reduction, MOFs provide
opportunities for functionalization (e.g., amino groups) that extend light absorption into
the visible range and enhance selective binding of chromium oxyanions. Their structural
diversity and modular design make them promising candidates for scalable photocatalytic
systems [1,7,8]. Mesoporosity should therefore be established from measured pore-size
distributions rather than inferred solely from a high BET surface area [9].

Heterostructured photocatalysts represent a critical design strategy for Cr(VI) reduc-
tion because they can promote improved charge separation and broadened light absorption
through engineered band alignment. Comparative studies show that type-II heterojunc-
tions, such as mesocrystalline anatase coupled with SrTiO; nanodots [10], achieve higher
efficiencies under simulated solar radiation by combining enhanced adsorption capacity
with effective electron-hole separation. Z-scheme and S-scheme architectures are also inves-
tigated to retain strongly reducing electrons and strongly oxidising holes [2]. In Z-scheme
systems, selective recombination of photogenerated electrons in one semiconductor with
holes in the other retains charge carriers with strong reduction and oxidation abilities. The
S-scheme model describes this selective interfacial recombination by explicitly considering
charge redistribution upon contact, the resulting built-in electric field, and band bend-
ing [11]. For example, a three-dimensional Bi,S;—BiVO, graphene aerogel was investigated
for simultaneous Cr(VI) reduction and bisphenol A degradation under visible light [12].
Such comparisons require attention to the reported reaction conditions.

Mechanistic validation is critical in these systems. Photoluminescence quenching,
transient photocurrent response, and electrochemical impedance spectroscopy provide
complementary evidence of altered carrier dynamics in heterostructures compared to
single-phase catalysts. Radical-trapping experiments can help elucidate the roles of reactive
species, while XPS analysis can provide evidence for the presence of Cr(III) on the catalyst
surface, supporting the mechanistic interpretation of Cr(VI) reduction. Stability assess-
ments also reveal that heterostructures generally retain >80% activity after multiple cycles,
whereas single-phase catalysts often suffer from photocorrosion or agglomeration. These
measurements should be interpreted together with chromium speciation and mass-balance
data; carrier measurements alone do not establish complete conversion or a unique charge
transfer pathway [2].

Overall, heterostructure design provides a pathway to enhance Cr(VI) photoreduction.
Type-1I systems emphasise efficient charge separation, Z-schemes preserve strong redox
potentials, and S-schemes combine both advantages. Future studies should systematically
benchmark band alignment, kinetic constants, and long-term stability to ensure reproducibil-
ity and mechanistic validation. Related host-guest engineering has been investigated for H,
evolution [13], and interface and vacancy engineering for H,O, photoproduction [14,15].
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These applications provide background design principles rather than direct evidence of
Cr(VI) reduction.

This review focuses on how mesoporous structure affects photocatalytic Cr(VI) re-
duction. The materials are discussed in terms of pore accessibility, surface chemistry,
and charge-carrier behaviour, with attention to the experimental evidence supporting the
proposed structure—performance relationships. Recovery, stability, and scale-up are also
examined because high laboratory conversion does not by itself establish practical suitability.
Reported efficiencies are considered together with irradiation conditions, solution chemistry,
and control experiments. The aim is to identify where mesoporous design contributes to
treatment performance, where its contribution remains uncertain, and which experimental
and reactor considerations deserve further investigation in wastewater applications.

The discussion begins with chromium speciation and the fundamentals of photocat-
alytic reduction, followed by the roles of pore architecture, surface chemistry, and material
composition. Representative mesoporous photocatalysts are then examined in relation to
their mechanisms and reported performance. Finally, catalyst stability, recovery, reactor
design, and wastewater applications are considered together to connect material properties
with practical treatment requirements.

2. Review Methodology

A literature review was conducted to identify primary research articles and review
articles related to photocatalytic reduction of hexavalent chromium, Cr(VI), using meso-
porous materials. The Scopus database was selected for this literature search because of
its broad coverage of scientific literature in materials science, environmental chemistry,
and photocatalysis. The search was conducted in May 2026 using the following Boolean
query: (Photocatalysis OR “photocatalytic reduction”) AND (“hexavalent chromium” OR
“Cr(VI)” OR “Cr®*”) AND (mesoporous OR porous OR heterojunction OR “metal-organic
framework” OR MOF OR “g-C3N,” OR “graphitic carbon nitride” OR MXene OR COF OR
“covalent organic framework”). Additional references were incorporated during manuscript
revision in October 2026 to support the general discussion and provide mechanistic context;
these were not included in the dataset of 93 studies.

In this systematic review, the literature was retrieved from the Scopus database using a
Boolean search string applied in May 2026, covering the period 2013-May 2026. The initial
search identified 249 records, which were screened in successive stages. After removal
of duplicates, 151 records remained. Title and abstract screening reduced this number
to 107. Of these, 13 records could not be retrieved in full text despite repeated attempts
through institutional access and interlibrary requests, and were therefore excluded. This
left 94 studies available for full-text eligibility assessment. One article was subsequently
excluded because it lacked mechanistic or mesoporosity characterisation, resulting in a final
dataset of 93 studies.

The original selection considered both peer-reviewed primary research and review
articles; primary research articles provide the experimental comparisons in this review.
Assessment of mesoporosity requires pore-size characterisation for the specific material;
a high BET surface area alone is insufficient. Relevant descriptors include BET surface
area, pore-size distribution, Cr(VI) treatment performance, light source, pH and control
experiments. Missing parameters are identified as “not reported” rather than inferred.

Review articles were used to frame the field and identify research gaps but were
not tabulated as primary experimental studies. Related porous composites discussed for
mechanistic context should not be interpreted as confirmed mesoporous materials unless
the original publication provides suitable pore characterisation. The bibliography also
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includes reviews and contextual sources and therefore differs in size from the screened
study dataset.

The following information was extracted from the primary experimental articles: au-
thors, year, and journal; the composition and structure of the photocatalysts; the specific
surface area (BET, m?/g) and the pore size (nm) described; chromium removal percentage
(%) or the rate constant (min~!); experimental conditions such as the initial Cr(VI) con-
centration, amount of catalyst used, pH, light source, irradiation period, and the presence
or absence of a hole scavenger; reusability and stability information (cycles and activity
percentage retained); and the proposed mechanisms (heterojunction formation and charge
transfer processes).

The studies included in the summary tables (Section 5) were selected based on the
availability of key parameters, including BET surface area, pore size distribution, Cr(VI)
removal efficiency or rate constant, light source, and pH conditions. Where relevant, related
porous and composite photocatalysts were also included for descriptive comparison; a
high BET surface area alone was not treated as proof of mesoporosity. Studies lacking
sufficient pore characterisation were interpreted separately in the qualitative discussion of
photocatalytic performance and mechanisms. Any information not reported in the original
articles is indicated as “not reported” in the tables.

Quantitative entries are linked to their source publications and must be interpreted
with the corresponding catalyst loading, irradiation conditions, reaction time, solution
composition, and analytical endpoint. Unavailable parameters are marked as “not reported.”
The comparison of commercial TiO, samples distinguishes unnormalized performance
from surface-area-normalised rates: ST-01 showed the highest unnormalized rate in the
study by Islam et al. [16], whereas P25 showed the highest surface-area-normalised rate.
Cr(VI) disappearance, total chromium removal and confirmed conversion to Cr(III) are
distinct endpoints; the cited reference alone does not establish that they are interchangeable.

Several methodological limitations of this review should be acknowledged. First,
the search used a single database (Scopus), so some relevant articles indexed in other
databases may not have been included in the analysis. Second, excluding studies published
in languages other than English may introduce language bias; nonetheless, there were
only two such articles found (n = 2). Finally, 13 articles could not be retrieved in full text
despite repeated attempts through institutional access and interlibrary requests, resulting
in availability bias. Furthermore, considerable variations in experimental conditions such
as the light source, Cr(VI) concentration, pH, and the catalyst loading make it impossible
to perform a meta-analysis of the removal efficiency.

3. Fundamentals of Photocatalytic Cr(VI) Reduction
3.1. Chromium Speciation and pH Dependence

The speciation of Cr(VI) in aqueous solutions depends on both pH and total chromium
concentration, both of which influence photocatalytic efficiency. At low pH values (pH 1-6),
HCrO,~ is important, while Cr,0,?~ becomes more significant as concentration increases.
Acidic conditions often favour reduction and adsorption onto protonated catalyst surfaces;
the standard potential of the Cr,0,*~ /Cr®* couple is approximately +1.33 V versus NHE
under standard acidic conditions [1,2]. In contrast, CrO,*~ is more abundant at high pH
(pH > 7), while the reduction potential and adsorption behaviour depend on the half-
reaction, solution composition, and catalyst point of zero charge [1,2]. For these reasons,
most Cr(VI) photocatalytic reduction experiments are carried out at low pH values (pH 2-3),
but wastewater may have near-neutral pH, necessitating further development of catalysts
capable of performing well under such conditions [1,2].
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3.2. Definition of Mesoporosity

Porous materials can be classified into three broad categories (i.e., microporous, meso-
porous, and macroporous) based on the range of pore sizes defined by IUPAC: microporous
(below approximately 2 nm), mesoporous (approximately 2-50 nm), and macroporous
(above approximately 50 nm). Mesoporous materials have attracted considerable attention
for photocatalytic applications because they can combine high specific surface areas with
accessible active sites and pore dimensions intermediate between those of microporous and
macroporous materials [9].

3.3. Role of Mesoporosity in Photocatalysis

Mesoporous architectures can offer advantages for photocatalytic Cr(VI) reduction
by increasing accessible surface area, facilitating transport through connected pores, and
providing surfaces for functionalization or heterojunction construction. The extent of these
benefits depends on pore accessibility, surface chemistry, and the optical and electronic
properties of the constituent materials; mesoporosity alone does not ensure improved
photocatalytic activity.

(i) High specific surface area: Mesoporous catalysts can possess high BET specific surface
areas (ranging from 100 to 1500 m?/g), which can favour Cr(VI) adsorption on their
surface and provide more reactive sites for photoreduction reactions [1,9]. For instance,
NH,-MIL-125(Ti) has been reported to have an exceptionally large surface area of
1343.9 m?/g and enhanced visible-light Cr(VI) photoreduction [7]. Likewise, meso-
porous CuO/ZrO, MCM-41 nanocomposites exhibited a surface area of ~700 m?/g
and achieved nearly complete Cr(VI) photoreduction under visible light irradiation,
as reported by Nanda et al. [17].

The reported surface areas help explain the interest in these materials for adsorption-
assisted photoreduction. More accessible surface can improve contact between chromium
oxyanions and the photoactive phase, although adsorption capacity is not a direct measure
of light-driven conversion. Pore accessibility and surface chemistry remain important when
interpreting the results obtained under different irradiation conditions [1,2,9].

(ii) Interconnected pore network: The porous nature of titanium dioxide and zirconium
dioxide nanocomposites can facilitate rapid diffusion of Cr(VI) species to the catalytic
sites while facilitating release of the Cr(IIl) product from these catalytic sites, although
deposited products may block pores and affect catalytic activity during repeated
catalytic reactions. In their investigation of complete Cr(VI) removal using titanium
dioxide and zirconium dioxide nanocomposites, Yan et al. [ 18] examined composites
with mesopores around 4.5 nm and assessed their reuse over four cycles. A particular
pore diameter should not be treated as a universal requirement for complete removal.

(iii) Confinement within mesopores helps stabilise small nanoparticles and limit their ag-
glomeration while potentially influencing charge separation through interfacial contact
and carrier-transport pathways [1,17]. Confinement can be particularly beneficial for
semiconductor quantum dots and metal clusters. In a related approach, the use of ZnSe
nanoparticles immobilised on mesoporous TiO, resulted in a Cr(VI) photoreduction
rate of 177 ymol/min with visible light [19].

(iv) The tunable pore structure of mesoporous materials allows for the functionalisation
of mesopore surfaces with specific chemical groups (e.g., -NH,, -COOH, -SH) that
modify interactions with Cr(VI) oxyanions, which can enhance the rate and selectivity
of Cr(VI) adsorption and reduction [1,7]. For example, amino-functionalised MOFs
such as NH,-MIL-125(Ti) and UiO-66(NH,) can have extended visible-light absorp-
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tion through framework-dependent ligand-metal charge transfer processes, thereby
enabling photocatalytic activity under visible light [1,8].

The structure—performance relationship is central to understanding Cr(VI) photore-
duction. Larger accessible surface areas can increase adsorption capacity and provide more
active sites, while pore size and connectivity determine ion diffusion and product release.
Functional groups such as -NH, or -COOH can modify chromium-oxyanion binding; their
effects depend on protonation state and surface chemistry. Changes in visible-light ab-
sorption additionally depend on the electronic structure of the framework. Together, these
parameters dictate how efficiently mesoporous catalysts combine adsorption and photo-
catalysis, underscoring the importance of tailoring pore architecture and surface chemistry
for optimal Cr(VI) reduction. These effects require material-specific characterisation and
suitable controls [1,2,9].

3.4. Photocatalytic Mechanism and Kinetics

The photocatalytic reduction of Cr(VI) is frequently described by apparent pseudo-
first-order kinetics within a defined concentration range and under specified irradiation
conditions [2,16]. However, mechanistic validation requires more than simplified equa-
tions. A comprehensive mechanistic framework must integrate balanced half-reactions,
spectroscopic and electrochemical evidence, and adsorption/photolysis controls.

3.4.1. Mechanistic Pathways and Experimental Evidence
Upon photoexcitation, semiconductor catalysts generate electron-hole pairs.
Semiconductor + hv — e"cg + h*yp (1)

The photogenerated electrons reduce Cr(VI) species, while holes are consumed
through the oxidation of water or sacrificial electron donors. Experimental techniques
provide complementary information about these processes: PL quenching, transient pho-
tocurrent response, and EIS probe carrier behaviour, while radical trapping, XPS, chromium
speciation, and mass balances support mechanistic assignments. None of these carrier
measurements alone proves complete reduction [2].

3.4.2. Balanced Half-Reactions (pH-Dependent)

The shorthand expression “Cr(VI) + 3e~ — Cr(III)” oversimplifies the chemistry.
Cr(VI) reduction depends strongly on pH and speciation:
At low pH (HCrO,~ dominant):

HCrO,~ + 7H* + 3e™ — Cr** + 4H,0 (2)
For dichromate-containing acidic solutions (concentration-dependent speciation):
Cr,0,%~ + 14H* + 6e~ - 2Cr** + 7H,0 (3)
At neutral/alkaline pH (CrO4*~ dominant):
CrO,%™ + 4H,0 + 3e™ — Cr(OH);(s) + 50H" (4)

These balanced half-reactions account for the different chromium species and pro-
ton/hydroxide balances under acidic and neutral/alkaline conditions.

3.4.3. Adsorption, Photolysis, and Photocatalysis Controls

Mechanistic reliability requires distinguishing adsorption and photolysis from
true photocatalysis.
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- Dark controls: Skliri et al. [20] reported that Cr(VI) reduction did not proceed in the
dark under the tested conditions.

- Photolysis controls: Catalyst-free irradiation controls are needed to determine whether
direct photolysis contributes to the observed Cr(VI) removal [2].

- Photocatalysis: The optimised MnFe,O,-ZnFe,O, composite achieved >99% Cr(VI)
reduction after 3 h of irradiation at A > 360 nm in the presence of phenol [20].

Tables should therefore not only mark “dark adsorption + photolysis” but also
report the quantitative extent of removal in each control, where reported, ensuring
mechanistic clarity.

3.5. Simultaneous Cr (V1) Reduction and Organic Oxidation

An integrated approach to wastewater treatment combines Cr(VI) reduction and
organic pollutants oxidation within a single photocatalytic system. In this dual-function
system, photogenerated electrons reduce Cr(VI) to Cr(Ill), while photogenerated holes can
oxidise organic contaminants, such as dyes, phenols, and antibiotics. This coupling can facil-
itate the utilisation of photogenerated charge carriers and promote the simultaneous Cr(VI)
reduction and organic pollutant degradation from contaminated water matrices [2,21].
Zhang et al. [2] reviewed the potential of this approach for coupled pollutant removal. The
general principles of the simultaneous removal process are depicted in Figure 2.

.- Cr(lll) Cr(V)
a cr(v) T o b
/ & % crw
Cr(v) BN - Surface redox reaction
/' \zn\‘ ee-electron reduction
2 Cr(lln) CO,+H,0
CI'(V|Z}(\®"' é cr(in) - CrVl) 2 !
‘ S g Charg Transigl > Pollutants
Cr(VI .
0 h>E |8 Charge fransfer
2 4 5 . Charge by ht
Cr(ll) o 5.4 3 Separatiop, g
h* 20 IY84 Y
+ N ) Y Y
h* ) » Y- ! Reduction site
H =4 ]
Organics oxidation Cx yo‘ 'OH",. )
& co,+H,0 ¥ cr(ly - Cr(VI) Oxidation site

Figure 2. Schematic illustration of the basic principles of simultaneous removal of Cr(VI) and organic
pollutants. (a) Band structure; (b) surface reactions. Red crosses indicate suppression of Cr(III)
reoxidation to Cr(VI) by holes and hydroxyl radicals. Cyan and yellow spheres represent electrons
(e—) and holes (h+), respectively; purple and pink spheres in (b) mark reduction and oxidation
sites. The blue upward and orange dashed downward arrows in (a) denote charge separation and
recombination, respectively; the multicoloured arrow represents incident light. Reproduced from
open-access Ref. [2].

3.6. Role of Hole Scavengers and Adsorption

Hole scavenging can improve photocatalytic Cr(VI) reduction efficiency. In this regard,
organic acids such as formic, citric, and oxalic acids, as well as alcohols such as ethanol and
methanol, have been extensively used as sacrificial reagents to consume photogenerated
holes and extend electron lifetimes, thereby enhancing Cr(VI) reduction efficiency [1,2].
For example, Islam et al. [16] observed an enhanced Cr(VI) reduction rate using nanosized
TiO, in the presence of formic acid, which acts as an effective hole scavenger. Likewise,
Wang et al. [7] compared ethanol, citric acid, and EDTA for NH,-MIL-125(Ti), showing that
donor selection influenced performance and that ethanol gave the strongest enhancement
in the comparison displayed. Beyond conventional organic scavengers, Huang et al. [22]
recently demonstrated that iodide and sulphite act synergistically to enhance Far-UVC-
driven Cr(VI) reduction even under alkaline conditions, expanding the operational pH

https://doi.org/10.3390/photochem6040043


https://doi.org/10.3390/photochem6040043

Photochem 2026, 6, 43

9 of 38

range for photochemical reduction. This homogeneous process should be distinguished
from semiconductor photocatalysis.

Adsorption can also influence the observed Cr(VI) removal, particularly in meso-
porous materials with high accessible surface areas. Depending on solution pH and surface
chemistry, Cr(VI) oxyanions can adsorb onto catalyst surfaces under dark conditions. The
process can involve (i) adsorption of Cr(VI) species onto the catalyst surface and (ii) their
subsequent photocatalytic reduction to Cr(III) under illumination. Dark controls and irra-
diation experiments without the catalyst are therefore needed to distinguish adsorption
and catalyst-free photochemical processes from photocatalytic reduction. Whether dark
adsorption and catalyst-free irradiation controls were reported for each study. Where avail-
able, these controls and their outcomes are noted; otherwise, the information is marked as
“not reported”. This distinction helps assess the contribution of photocatalytic reduction to
the observed Cr(VI) removal.

4. Mesoporous Photocatalyst Materials for Cr(VI) Reduction
4.1. Titanium Dioxide and Metal Oxide-Based Photocatalysts

Titanium dioxide (TiO,) is widely investigated for Cr(VI) reduction because of its
relatively low cost, chemical stability, and photocatalytic activity under UV irradiation.
Its practical utilisation is constrained by predominantly UV-driven excitation and rapid
electron-hole recombination. Modification strategies address different aspects of these
limitations: mesostructuring can increase accessible surface area and active-site exposure;
doping and sensitisation can modify the spectral response; and composite formation in-
troduces interfaces that influence charge separation and transport. These strategies can
be complementary, although their effectiveness depends on the resulting textural, optical,
and electronic properties rather than on structural complexity alone. Accordingly, the
performance of modified TiO, should be interpreted in relation to the specific function of
each introduced component [2,16].

Mesostructuring introduces pores that can increase the surface accessible for adsorption
and interfacial photoreduction. Loryuenyong et al. [23], for example, used activated carbon
as a template to prepare mesoporous anatase TiO, nanoparticles with higher Cr(VI) removal
than commercial P25. The resulting pore architecture provides a basis for examining how
surface accessibility influences dichromate adsorption and reduction. Such comparisons
support the potential of mesostructuring, while also requiring attention to differences in
crystallinity, surface chemistry, and optical response. Enhanced removal should therefore be
attributed to the combined properties of the prepared material rather than to pore formation
in isolation.

Doping semiconductors with suitable non-metal species, such as nitrogen, carbon, and
sulphur, or with transition metals can introduce electronic states within the band gap or
modify the band-edge positions, potentially extending the optical response into the visible
region. These effects depend on the host material, dopant, and doping level; dopant-related
states can also act as charge-recombination centres. For TiO,-based materials, Jin et al. [24]
investigated Si/N-modified TiO, nanocrystals for visible-light-driven reduction of Cr(VI)
at concentrations in the g L~! range, while Zhai et al. [25] studied N-TiO,_,@C nanocom-
posites for treating highly concentrated chromium-containing wastewater. These examples
indicate that photocatalytic performance depends on the combined effects of light absorp-
tion, surface chemistry, defects, and charge transport [24,25].

Furthermore, black Zr-TiO, nanotube arrays have shown high Cr(VI) reduction rates,
as reported by Wang et al. [26] (2021). Surface sensitisation represents an alternative
approach in which light-absorbing species, such as dye molecules or quantum dots, are
coupled to the photocatalyst surface to extend light absorption and facilitate charge transfer.
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Yang et al. [27] prepared mesoporous TiO, with chlorophyll incorporated in situ, exhibiting
absorption bands around 407 and 668 nm. Under visible-light irradiation and without an
added hole scavenger, the composite achieved 86.1% Cr(VI) photoreduction, approximately
20 times that obtained with TiO, bearing physically adsorbed chlorophyll and 29 times that
obtained with TiO, without chlorophyll. These results support the beneficial role of in situ
chlorophyll incorporation and confinement in this system [27]. Other sensitisers include
molecular dyes, conducting polymers, and quantum dots, although their stability under
irradiation requires consideration.

Combining TiO, with carbon materials or noble metals can improve photocatalytic
performance. Activated carbon, rGO, and graphene may enhance adsorption and facilitate
electron transfer, potentially reducing charge-carrier recombination [28-30].

Beyond these systems, Shan et al. [31] investigated TiO, anchored on MoS, nanosheets
as a photocathode for enhanced Cr(VI) reduction in a microbial fuel cell. This photoelectro-
chemical application should be distinguished from photocatalysis in catalyst suspensions.
Wang et al. [32] also investigated a TiO,/rGO/CuO composite for visible-light-driven
Cr(VI) reduction.

In the activated-carbon-supported photocatalysts studied by Tu et al. [28], the support
contributes to adsorption while the photoactive phase enables light-driven reduction. Con-
tact between these components is therefore relevant to the overall reaction. Similar consider-
ations apply to more complex architectures: additional components can be beneficial when
they improve access to reactive sites, facilitate charge transfer, or help retain activity during
reuse. Increasing the number of phases alone offers no assurance of better performance.

To assess whether these architectural changes are responsible for improved perfor-
mance, the contributions of charge separation, active-site accessibility, and mass transfer
should be considered separately. Comparisons with individual components and appropri-
ate control materials are needed to distinguish these effects from changes in experimental
conditions [2].

Cao et al. [10] prepared heterostructures comprising mesocrystalline anatase TiO,
submicrospheres decorated with SrTiO; nanodots, which exhibited enhanced photocatalytic
Cr(VI) reduction under simulated solar irradiation. The improved performance was associ-
ated with enhanced Cr(VI) adsorption and more efficient separation of photogenerated
charge carriers through a type-II heterojunction with close interfacial contact between the
two phases. This example illustrates how combining TiO, with another semiconductor
can improve photocatalytic performance through complementary surface and electronic
properties [10].

The structural flexibility of MOFs and COFs provides a complementary approach to
the oxide-based designs discussed above. Their pore structures and surface functional
groups can influence adsorption, while the choice and modification of organic linkers can
alter electronic structure and visible-light absorption. These features offer opportunities
to tune active-site accessibility and electronic energy levels within the framework. Amino-
functionalised MOFs [7,8] and halogen-functionalised COFs [33] illustrate how framework
modification can influence light absorption, charge-carrier behaviour, and photocatalytic
Cr(VI) reduction.

However, practical application requires evaluation of framework stability in aqueous
media at the operating pH, resistance to photodegradation during prolonged irradiation,
and retention of activity during reuse. Stability depends on the specific framework and
reaction conditions and should therefore be assessed for each material. Framework stabili-
sation, integration with suitable supports, and scalable, cost-effective synthesis are potential
strategies for advancing these materials towards wastewater treatment applications.
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These examples connect the individual modification strategies discussed in this section.
Mesoporosity primarily affects surface accessibility and mass transport, whereas doping,
sensitisation, and heterostructure formation modify light absorption or charge-carrier
behaviour. Their combined effects can improve Cr(VI) reduction, but performance should
be evaluated under the relevant reaction conditions, using comparative controls to identify
the contribution of each modification [2]. Conductivity, pore accessibility, and structural
durability require separate characterisation. Mesoporosity should not be inferred from high
surface area alone [9].

4.2. Metal-Organic Frameworks (MOFs) and Covalent Organic Frameworks (COFs)

MOFs and COFs allow the tuning of in-pore chemistry and electronic structure through
the selection of nodes, linkers, and incorporated components. Their photocatalytic be-
haviour can therefore be examined in relation to both Cr(VI) adsorption and photoin-
duced charge transfer. Figures 3-5 show representative reaction profiles and characteri-
sation results, including the effects of electron donors and solution pH on the reported
Cr(VI) conversion.
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Figure 3. (a) Cr(VI) reaction profiles; (b) effects of hole scavengers; (c) effect of ethanol addition;
and (d) effect of solution pH for NH,-MIL-125(Ti). Reproduced from the review by Wang et al. [1];
the underlying experimental study is Wang et al. [7].

NH,-MIL-125(Ti) (BET surface area: 1343.9 m?/g, pore size: 2.05 nm) maintained a
Cr(VI) reduction efficiency of approximately 91% over 3 consecutive cycles under visible
light irradiation at pH 2.1 [7]. UiO-66(NH,) (BET surface area: 1123 m?/g, pore size:
2.1 nm) similarly maintained a Cr(VI) reduction efficiency of approximately 90% after
3 reuse cycles without significant photocorrosion [8]. A TiO,/MOF-801(Zr) composite
prepared by wet impregnation at room temperature has likewise been reported as a highly
efficient photocatalyst for Cr(VI) reduction, illustrating the potential of combining MOF
with TiO, nanoparticles [34]. ZnO@ZIF-8 heterostructures have demonstrated enhanced
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selective photocatalytic reduction of Cr(VI) in the presence of methylene blue, attributed to
the adsorption and size-selective permeation properties of the ZIF-8 shell [35]. CdS/MIL-
125(Ti) heterostructures exhibited higher photocatalytic activity for Cr(VI) reduction under
visible-light irradiation than pristine MIL-125(Ti) [1]. Pd@UiO-66(NH,) and RGO/ UiO-
66(NH,) exhibited complete Cr(VI) removal with superior kinetics compared with the
corresponding unmodified MOFs [1].
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Figure 4. (a) UV-visible diffuse-reflectance spectra, with inset photographs showing (i) UiO-66 and
(ii) UiO-66(NH,); (b) transient photocurrent response; (¢) Mott-Schottky analysis; and (d) Cr(VI)
reaction profiles for UiO-66(NH,). Reaction conditions: 20 mg catalyst, 40 mL of 10 mg/L Cr(VI),
100 pL methanol, 30 °C, and pH 2. Reproduced from Ref. [1]; the original study is Shen et al. [8].

Recently reported systems include NH,-MIL-101(Fe)-ZnIn,S, S-scheme heterojunc-
tions (Tu et al. [36]), defect-engineered MOFs (Ma et al. [37]), and MIL-101(Fe)-g-C3N,
Z-scheme systems (Zhao et al. [21]). These examples highlight the versatility of MOF com-
posites in achieving enhanced charge separation and photocatalytic efficiency. Wu et al. [38]
investigated amino-functionalized MIL-68(Ga), while Liang et al. [39] examined ligand-
substitution effects in MIL-68(In). Another framework modification was reported by
Zhao et al. [40], who introduced WO,*~ into bismuth terephthalate (BiBDC) to enhance
photocatalytic Cr(VI) reduction under UV irradiation. Pore-size measurements should be
considered separately for each framework and composite.

The photocatalytic performance of ZnO@ZIF-8 and ZnO was investigated via the
treatment of single-solute aqueous solutions and mixed methylene-blue/Cr(VI) solutions,
as illustrated in Figure 5 [35].

The stability of MOFs in aqueous environments depends on framework chemistry
and reaction conditions, including solution pH. NH,-MIL-125(Ti) and UiO-66(NH,) have
demonstrated recyclability under the conditions examined in the respective Cr(VI) pho-
toreduction studies [7,8].
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Covalent organic frameworks (COFs) provide organic networks whose linkage chem-
istry and degree of conjugation influence aqueous stability and photoactivity. Wang et al. [41]
prepared fully conjugated, planar COFs for water purification, while Chen et al. [42] in-
corporated redox-active metal centres for Cr(VI) photoreduction. Donor-acceptor COFs
investigated by Yue et al. [43] offered tunable visible-light performance, and Cao et al. [33]
examined halogen-functionalized structures. These modifications alter the chemical en-
vironment of the photoactive framework and offer several ways to control its response to
light. Their effectiveness also depends on whether the reaction solution can reach the active
sites and whether the network remains stable during irradiation and repeated use.

The structural versatility of MOFs and the range of available modification methods
make them promising photocatalysts. Combining MOFs with semiconductor materials
or functionalizing zirconium-based MOFs with noble-metal nanoparticles illustrates how
composite design can improve photocatalytic activity and enable coupled pollutant treat-
ment [21,44]. Such approaches provide several routes for tailoring adsorption, light absorp-
tion, and interfacial charge transfer.
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Figure 5. Photocatalytic removal profiles for Cr(VI) and methylene blue over ZnO@ZIF-8 heterostruc-
tures and ZnO spheres in (a) single-solute and (b) mixed-solute aqueous systems under UV irradia-
tion. Reproduced from Wang et al. [35].

4.3. Heterostructured and Composite Photocatalysts

Heterostructured photocatalysts combine components with complementary optical
and electronic properties to improve the utilisation of photogenerated charge carriers.
Coupling wide-bandgap oxides with narrower-bandgap semiconductors can broaden the
spectral response, while suitable interfacial arrangements can facilitate charge separation
and transfer. These functions connect composite design with the adsorption and transport
considerations discussed for mesoporous oxides and frameworks.

The systems discussed below include oxide-semiconductor interfaces and proposed Z-
scheme or S-scheme arrangements, grouped according to their components and architecture.
Band alignment and interfacial contact influence the transfer of photogenerated carriers
and the availability of electrons for Cr(VI) reduction. Characterisation of these interfaces
is particularly important when assigning a specific pathway, since an increase in removal
efficiency cannot, by itself, distinguish between different charge transfer mechanisms.

(a) Narrow-bandgap semiconductors coupled with TiO,

Alsheheri et al. [19] formed a photoactive p-n junction by decorating mesoporous
titanium dioxide (TiO,) with ZnSe nanoparticles. The incorporation of ZnSe enhanced
visible-light absorption and decreased the optical band gap from 3.14 eV for pristine TiO, to
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2.90 eV for the composite [19]. This TiO,-ZnSe composite, when prepared with an optimised
3 wt% of ZnSe, could completely reduce 150 ppm Cr(VI) to Cr(III) within 1 h using visible
light. The photoreduction rate for the ZnSe-TiO, composite was 177 pmol min~!, which
exceeded the rates obtained using TiO, or ZnSe alone or their physical mixture. During
5 consecutive cycles, the ZnSe-TiO, composite retained high photocatalytic activity [19].

Other TiO, heterojunctions reported in the literature include bismuth tungstate
(Bi,WOy) /TiO, nanotubes from Wang et al. [45], BiOBr nanoplates anchored onto tita-
nium dioxide (TiO,) nanorods produced by Xue et al. [46], indium sulphide (In,S;)-TiO,
nanosheets grown on TiO, nanofibers produced by Zhang et al. [47], as well as yolk-shell
tin disulphide (SnS,)-TiO, produced by Wang et al. [48]. Other TiO,-based systems, such
as TiO,—ZrO, composites, have demonstrated dual functionality. Yan et al. [18] reported
simultaneous Cr(VI) photoreduction and Cu(II) removal from wastewater, underscoring
the effectiveness of oxide-based TiO, composites for heavy-metal remediation.

In addition to the ZnSe nanoparticle-TiO, system discussed above, TiO, can be coupled
with graphitic carbon nitride (g-C3N, ), which has an energy band gap of approximately
2.7 eV. This produces a heterojunction with interfacial charge transfer depending on the band
alignment and contact between g-C;N, and TiO,, which can promote Cr(VI) reduction and
organic pollutant oxidation by facilitating electron—hole separation [49,50]. Related dual-
function nitrogen-doped Bi, O5/g-C;N, composites were investigated by Khazaee et al. [51]
for Cr(VI) photoreduction and RhB photooxidation.

Further g-C;Ny-based heterojunctions include composites with nickel cobalt lay-
ered double hydroxides (NiCo-LDH) by Zhang et al. [52] and zinc ferrite (ZnFe,O,)
by Patnaik et al. [53], as well as graphene oxide/g-C3;N,/molybdenum disulphide (MoS,)
composites examined by Wu et al. [54].

(b) Bismuth-based oxide photocatalysts and their composites

Bismuth-based semiconductors, including BiVO,, Bi,WO¢, BiOBr, and BiOl, have
attracted considerable interest for photocatalytic Cr(VI) reduction. Their photocatalytic
performance depends on their crystal structure, exposed facets, and ability to separate and
transfer photogenerated charge carriers. Yu et al. [55] demonstrated the effectiveness of
monoclinic BiVO, with exposed {010} facets for simultaneous Cr(VI) reduction and phenol
oxidation. Furthermore, Jia et al. [56] reported that co-doping BiVO, nanorods with La®*
and Gd3* achieved nearly complete Cr(VI) reduction alongside dye decolorization under
the reported experimental conditions.

The construction of heterojunctions has further improved the performance of bismuth-
based photocatalysts. Liu et al. [57] demonstrated that a hierarchical Bi,WO,@Co0O Z-
scheme heterostructure enabled simultaneous photocatalytic Cr(VI) reduction and tetra-
cycline oxidation under visible light. Its enhanced activity was attributed to efficient
charge separation and the preservation of strong redox potentials. Zhao et al. [58] de-
veloped a three-dimensional Agl/BiVO, p—n junction photocatalyst for simultaneous tetra-
cycline oxidation and Cr(VI) reduction. More recently, Sang et al. [59] prepared Bi-MOF-
derived porous hierarchical Bi,O3/Bi,S; nanoflower-like heterojunctions using a calcination—
hydrothermal route for photocatalytic Cr(VI) reduction. These examples illustrate how
doping, morphology control, and heterojunction engineering can improve photocatalytic
Cr(VI) reduction and, in selected systems, enable its coupling with organic pollutant oxida-
tion.

(c) MXene-Based Photocatalysts

MXenes have attracted increasing interest in Cr(VI) remediation because of their electri-
cal conductivity, reactive surfaces, and ability to participate in adsorption and reduction pro-
cesses. In semiconductor-based composites, MXenes can facilitate interfacial electron trans-
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fer and improve the utilisation of photogenerated charge carriers [5]. Vavilapalli et al. [60]
investigated nanocomposites combining brownmillerite Ca,Fe,O5 with Ti;C, or Mo, /;C
MXenes for photocatalytic Cr(VI) reduction to Cr(III) under simulated sunlight. Zhang
etal. [61] demonstrated that the structure of Ti;C, T, strongly influenced its adsorption and
reduction capabilities, with multilayer and delaminated materials exhibiting different contri-
butions to Cr(VI) removal. Their findings also suggested that Ti;C, T, /TiO, heterojunctions
could enhance the photoresponse and contribute to Cr(VI) reduction.

Other architectures include MXene quantum dots/CuSe n—p plasmonic heterostruc-
tures, reported by Yin etal. [62] for rapid photocatalytic Cr(VI) removal under full-spectrum
solar irradiation. Separately, Ti;C, MXene/ZnIn,S, heterostructures have been investigated
by Li et al. [6] for visible-light-driven Cr(VI) reduction. These studies highlight the versatil-
ity of MXenes as components of photocatalytic composites. However, adsorption, chemical
reduction, and photocatalytic reduction should be distinguished when evaluating their
performance, while long-term stability and recyclability require further assessment.

(d) Ternary and multi-component systems

Ternary and multi-component photocatalysts combine semiconductors, cocatalysts,
and supporting materials to improve light utilisation, charge transfer, and catalyst recov-
ery. Xu et al. [4] developed a magnetically recoverable Fe;O,/BiVO,/Cu$S heterojunc-
tion for simultaneous Cr(VI) reduction and methylene blue degradation under visible
light. Other examples include the Bi,S;@CdS/rGO S-scheme heterostructure reported by
Ghoreishian et al. [63] for photocatalytic Cr(VI) reduction and H,O, production, and the
spherical Bi, WO /Bi,S;/MoS, n—p heterojunction investigated by Ren et al. [64] for visible-
light-driven Cr(VI) reduction. Patnaik et al. [65] deposited Au-Pd alloy nanoparticles
on mesoporous silica-modified g-C3N, for individual and simultaneous phenol oxidation
and Cr(VI) reduction. Koutsouroubi et al. [66] also demonstrated photocatalytic Cr(VI)
reduction using layered heterostructures comprising Ni-doped MoS, and g-C;N,.

More complex architectures include the double Z-scheme FeVO,/Bi,OsBr,/BiOBr
ternary heterojunction reported by Chachvalvutikul et al. [67] for simultaneous Cr(VI)
and Rhodamine B removal. Tu et al. [68] developed an MOF-derived CoS,@ZnIn,S,/MoS,
dual Z-scheme photocatalyst incorporating MoS, quantum dots and featuring a hi-
erarchical hollow core-shell structure, further illustrating the structural diversity of
multi-component systems.

Supported composites provide an additional approach to combining photocatalytic
functions. Aziz et al. [69] investigated silver oxide supported on fibrous silica-zirconia
(AgO/FSZr) for simultaneous photocatalytic Cr(VI) reduction and p-cresol oxidation
under visible light. Photogenerated electrons were primarily responsible for reducing
Cr(VI) to Cr(IlI), whereas holes and hydroxyl radicals contributed to p-cresol oxidation.
The optimised composite was evaluated over five reaction cycles and retained substantial
activity, demonstrating its potential for treating mixtures of inorganic and organic pollutants.

Beyond dispersed composites, Wang et al. [ 70] investigated PVDF-networked CdS/TiO,
photocatalytic membranes for pharmaceutical wastewater treatment accompanied by Cr(VI)
reduction. Such membrane-based systems connect multi-component photocatalyst design
with catalyst immobilisation. Overall, these examples highlight complementary strate-
gies for improving photoredox performance and facilitating catalyst recovery, providing a
transition to the immobilisation and reactor-design approaches discussed below.
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4.4. Catalyst Immobilisation and Reactor Design

Catalyst immobilisation connects material design with practical wastewater treat-
ment by facilitating catalyst retention and reuse while limiting the release of dispersed
particles [71]. Magnetic recovery, membrane incorporation, and deposition on solid sup-
ports offer different approaches to catalyst management [4,70,72]. Magnetic separation
should be distinguished from physical immobilisation. Reactor geometry also affects the
distribution of incident light and contact between the solution and photoactive surfaces.
Continuous-flow and thin-film configurations may improve these conditions, but their
performance depends on catalyst coverage, residence time, and photon delivery. Relevant
examples include flat-panel treatment using PVDF-networked CdS/TiO, membranes [70]
and continuous-flow operation using e-LDH/t-BiOCl/Bi,S; [73]. Immobilisation and reac-
tor design should therefore be evaluated together, including possible losses in accessible
surface area or mass-transfer efficiency.

4.5. Real-Water Matrices and Environmental Conditions

Most laboratory studies are conducted under controlled acidic conditions, yet real
wastewater may have near-neutral pH and contain competing ions (e.g., sulphate, chloride)
and organic co-pollutants. These factors can influence photocatalytic activity and adsorption
equilibria [71,74]. Studies using industrial effluents and real-water matrices highlight the
need to evaluate photocatalytic performance under realistic water conditions [71,73].

4.6. Catalyst Leaching and Toxicity

Environmental compatibility requires assessment of catalyst integrity as well as Cr(VI)
conversion. Metal-containing oxides and framework composites may release constituent
ions during operation, depending on their composition and stability in the reaction medium.
Dissolved Cr(III) produced by reduction should be distinguished from metals leached from
the catalyst, although both are relevant to treated-water quality. Evaluating secondary
contamination therefore requires dissolved-metal analysis, repeated-use testing [75], and
assessment of residual toxicity. High removal efficiency alone cannot establish that a
photocatalyst is suitable for wastewater treatment.

4.7. Life-Cycle and Cost Considerations

Economic feasibility is a key determinant for industrial adoption. High-surface-area
mesoporous materials often require complex synthesis routes, increasing cost. Life-cycle
assessments should consider raw material availability, synthesis energy demand, catalyst
regeneration cycles, and disposal [76]. Comparative cost analyses between conventional
treatment methods and photocatalysis will help position mesoporous photocatalysts within
practical wastewater management frameworks. Electrical energy consumption is an im-
portant consideration, as demonstrated by its optimisation during Cr(VI) photoreduction
using immobilised Mg-Ag/TiO, [72].

The influence of the water matrix also has an economic dimension. Near-neutral pH,
competing ions, and organic co-pollutants can reduce activity relative to model solutions,
affecting the treatment performance achievable with a given catalyst. Life-cycle and cost
assessments should therefore use performance data obtained under realistic wastewater
conditions when evaluating practical treatment scenarios [74,75].

4.8. Scale-Up Feasibility

Scale-up brings these material and process requirements together. Pilot-scale demon-
strations remain scarce, and successful operation requires catalyst recovery, control of
reactor fouling, and appropriate energy input. Suspended nanoparticles create separation
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difficulties and may cause secondary contamination; repeated use can also expose photo-
corrosion or leaching that is not evident from initial removal efficiency. Immobilisation on
supports, magnetic composites, and hybrid systems provide approaches to addressing these
recovery and durability constraints [4,72]. Their suitability should be assessed together
with reactor geometry and light penetration, rather than from catalyst performance alone.
Pilot-scale studies must therefore examine recovery and long-term stability alongside energy
demand under industrially relevant conditions. Solar-driven operation and combinations
with adsorption or membrane treatment may support practical application, but require
evaluation as integrated treatment systems. Such studies would establish how laboratory
improvements in activity and reuse translate into sustained wastewater treatment at a
larger scale.

5. Cross-Comparison and Critical Analysis

The photocatalysts presented in Section 4 differ in composition, pore architecture, and
response to irradiation. Comparing their reported behaviour helps identify the properties
associated with Cr(VI) reduction and the conditions under which those properties are useful.
Mesoporous TiO,, ZrO,, Fe,O;, and CoO can be modified by doping or coupling with other
phases, while carbon-based frameworks and composites offer additional adsorption and
charge transfer pathways. Within the latter group, semiconducting g-C;N, has a different
role from conductive graphene or carbon nanotubes. Connected pores in hierarchical
core—shell or hollow structures may improve reactant access and light utilisation, but the
morphology alone does not establish mesoporosity. Pore-size measurements are therefore
needed alongside BET surface area [9]. The results discussed below are considered in
relation to these material characteristics and to the experimental conditions. This allows
the contribution of pore accessibility to be examined together with surface interactions and
carrier behaviour, without assuming that similar removal percentages represent equivalent
catalytic activity [2].

5.1. Metal Oxide-Based Photocatalysts

Metal oxides remain widely studied for Cr(VI) photoreduction because their compo-
sition and structure can be modified, although their chemical stability depends on com-
position and reaction conditions. TiO,, in particular, combines relatively low cost with
established activity under UV irradiation [2,16]. Its limited visible-light response and
rapid electron-hole recombination account for much of the work on doping and composite
formation described in Section 4. The examples below examine how these modifications
affect measured reaction rates, surface accessibility, and reuse, beginning with a comparison
of commercial TiO, samples.

Islam et al. [16] compared AEROXIDE P25, Ishihara Sangyo ST-01, and FUJIFILM
Wako TiO, nanopowders using formic acid as an electron donor. ST-01 gave the highest
apparent pseudo-first-order rate constant and had a surface area of 300 m?/g and a particle
size of 7 nm. P25, however, showed the highest surface-area-normalised rate constant in the
same study (Figure 6). The ranking thus changed with the way activity was expressed. A
larger surface area was beneficial to the overall treatment rate in this comparison, but did
not correspond to the highest rate per unit surface area.

Formic acid enhanced TiO,-mediated Cr(VI) photoreduction by scavenging holes [16],
demonstrating that solution chemistry must be considered together with catalyst struc-
ture. Other approaches, including noble-metal loading, oxide—oxide coupling, and metal
or non-metal doping, act through changes in interfacial and electronic properties. For
the TiO,-ZrO, system, Yan et al. [18] reported that the Ti, 521 5(300) photocatalyst
maintained Cr(VI) and Cu(Il) removal efficiencies of 100% and 91%, respectively, after
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four reaction cycles under UV irradiation using HCOOH-HCOONa as the sacrificial agent.
Its pore diameter of 4.5-4.6 nm is consistent with a mesoporous architecture that can support
reactant access. However, the reported decrease in surface area after treatment, associated
with metal deposition, indicates that initial porosity need not remain accessible during op-
eration. The pre- and post-reaction morphological and crystallographic analyses therefore
complement the conversion data by addressing material changes during use [18].
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Figure 6. Proposed energy-band and reaction scheme for formic-acid-assisted Cr(VI) reduction over
TiO,, including charge-carrier transfer and surface redox processes. Reproduced from Islam et al. [16].

Hematite (x-Fe,O3) absorbs visible light owing to its band gap of approximately 2.2 eV.
Duetal. [77] deposited «-Fe,O; on activated microwave-expanded graphite oxide (aMEGO)
and reported 95.28% Cr(VI) removal. Their photocurrent and photoluminescence measure-
ments supported improved charge separation in the composite. Sanad et al. [78] instead
prepared Fe,O;-TiO, mixed oxides by hydrothermal-hydrolysis processing, obtaining up
t0 95.7% Cr(VI) reduction and examining stability and recyclability. The two approaches
use different interfaces to modify the behaviour of the oxide phase. Although their endpoint
efficiencies are similar, the reaction conditions and the accompanying characterisation are
needed to understand the role of the support or second oxide in each system.

Figure 7 compares reported Cr(VI) endpoints for several oxide architectures, whose
modifications address different aspects of performance. Ag,Cu-modified WO; [79] and
TiO, /CoFe,0,/Ag [80] incorporate more than one metal component, with the latter also pro-
viding magnetic separability. Ni-doped mesoporous CoO assemblies [81] modify the oxide
composition within a porous network, whereas CoO/MnCo,0O, [82] and BiOCl/Bi,S; [83]
introduce interfaces between distinct phases. Mesoporous spinel ferrite networks [84] offer
a related comparison for the MnFe,O,~ZnFe,O, networks [20], while Bi,MoOg/ZnO [85]
extends oxide coupling to a bismuth-containing composite. Their reported efficiencies do
not isolate the effect of doping, phase coupling, or porosity because irradiation, reaction du-
ration, and solution composition differ. Tests on the individual components under identical
conditions and pore measurements are needed to attribute an improvement to a particular
design feature.
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Cr (VI) Removal Efficiency (%)

BiOCI/Bi,Ss (Lu, 2020)
CoO@MnCo,04 (Zheng, 2018)
CoO-Ni (Velegraki, 2019)
CuO@ZM-41 (Nanda, 2017)
Ag/TiO,/CoFe;04 (Ibrahim, 2020)
Ag, Cu-WO; (Boonprakob, 2021)
Au/g-C3N4/Ce0; (Zhao, 2021)
Fe,03-TiO; (Sanad, 2018)
Ce-ZrO, (Bortot Coelho, 2020)
AgO/FSZr (Aziz, 2021)

a-Fe,03/aMEGO (Du, 2015)

TiO2—ZrO> (Tio.esZro.0s) (Yan, 2020)
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Figure 7. Cr(VI) reduction/removal efficiencies (%) compiled for oxide-based photocatalysts and
their composites. The first author’s surname and publication year next to each material label identify
the source study. Irradiation spectrum and duration, initial Cr(VI) concentration, catalyst loading,
pH, electron donors, and co-pollutants differ between studies; the values therefore do not constitute a
normalised comparison of intrinsic catalytic activity [17,18,69,71,77-83,86].

5.2. Carbon-Based Photocatalysts and Composites

Graphitic carbon nitride acts as a semiconductor, whereas other carbon compo-
nents are often used as adsorptive supports or pathways for interfacial electron transfer.
Liang et al. [87] examined g-C3;N, prepared from different precursors and found the high-
est Cr(VI) reduction for urea-derived g-C3N, (U-CN): 99.5% in 60 min under white-light
irradiation at pH 3 in the presence of citric acid. Its nanosheet morphology, surface area
of 81.06 m?/ g, and amine functionality were associated with the enhanced performance.
Because these properties changed together with the precursor, the result is best understood
in terms of the resulting surface and structure rather than surface area alone.

Hasija et al. [88] discussed g-C3N, for Cr(VI) photoreduction in view of its approxi-
mately 2.7 eV band gap, stability, and electronic properties. Coupling with TiO,, ZnO, or
WO, can modify its spectral response and introduce interfaces for charge transfer. Measure-
ments on the composite and its individual components are useful here; they help determine
whether additional light absorption is accompanied by more effective use of the generated
electrons in the reduction reaction.

Wu et al. [54] demonstrated that coupling g-CsN, with GO and MoS, to form an
intimate heterojunction interface further enhanced its visible-light Cr(VI) photoreduction
activity relative to pristine g-C3N,. Improved e”—h* separation was supported by the
reported measurements, including analysis of the photoluminescence spectra [54].

The composite systems presented in Figure 8 include carbon-containing photocatalysts,
such as copper phthalocyanine/rGO [89], Gd(OH);/rGO [90], SnS,/g-C3N, [91] and Ni-
doped MoS, /g-C3N, [66], alongside MoS,/ZnIn,S, [92], TiO,-olive-pit composites [93]
and Au/Cu,O-TiO, [94]. These studies examine different combinations of light-absorbing
components and interfaces for photocatalytic Cr(VI) treatment. Their reported efficiencies
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should be interpreted in relation to the composition of each system and the corresponding
irradiation and reaction conditions.

Cr(VI) reduction/removal (%)

TiO2-OP(50%) (visible light)
(Djellabi, 2019)
NH>-MIL-125(Ti)
(Wang, 2015)
Bi2M00Os«/ZnO
(Zhang, 2019)
MoS:/ZnIn2Sa
(Wang, 2022)
Cu20-Au-TiO:
(Yanagida, 2022)
rGO-Mn-TiO:
(Chen, 2016)
ZIF-8@TiO:
(Song, 2022)
Gd(OH)s/RGO
(Padhi, 2014)
MIL-101(Fe)/g-CsNa4
(Zhao, 2020)
Agl/CeO2@g-CsNa4
(Kohantorabi, 2021)
g-CsNa/MoS:
(Koutsouroubi, 2021)
MnFe:0s~ZnFe204
(Skliri, 2021)
ZnFe>04 (MNAS)
(Skliri, 2018)
SnS2/g-CsNa
(Koutsouroubi, 2022)
N-CuMe:Pc/rGO
(Li, 2021)
PANI@g-CsN4/ZnFe204
(Patnaik, 2018)
MIL-53(Fe)/SnS
(Xia, 2018)
AgNPs-PSi
(Faisal, 2019)
g-CsN4 (U-CN)
(Liang, 2021)

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Figure 8. Cr(VI) reduction/removal efficiencies for selected composite systems. The first author’s
surname and publication year identify the source studies. Reaction time, irradiation, initial concentra-
tion, pH, catalyst loading, and electron donors differ between studies, so the bars are not a normalised
activity ranking. The 99% bar for [20] summarises a reported >99% endpoint. For rtGO-Mn-TiO,,
99.7% denotes Cr(VI) removal after 60 min of sunlight [95]. In TiO,—~OP(50%), complete Cr(VI)
reduction was reported after 50 min of visible-light irradiation; OP denotes olive pits and 50% denotes
the sample formulation, not the reduction efficiency [93]. Refs. [7,20,21,53,66,84,85,87,89-99].

Figure 8 summarises the range of reported Cr(VI) reduction/removal endpoints for
composite photocatalysts. U-CN reached 99.5% after 60 min under white-light irradia-
tion [87], whereas AgNPs—PSi reached 97.4% after 180 min under visible light [96]. MIL-
101 (Fe)/g-C3N, achieved 92.6% after 60 min under visible light [21], and Agl/CeO,@g-
C;3Ny achieved 99.6% after 75 min at pH 3 [97]. The efficiencies presented in Figure 8
were obtained under different experimental conditions, including irradiation, reaction time,
initial Cr(VI) concentration, pH, catalyst loading and the presence of electron donors;
therefore, they provide an overview of reported performance rather than a direct ranking
of photocatalytic activity.

5.3. MOFs and Hybrid Nanocomposites

MOF-based composites allow adsorption and photoinduced charge transfer to be
modified within a common architecture, although high porosity alone does not establish
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effective Cr(VI) photoreduction. As an oxide-based reference for support and reactor ef-
fects, Bortot Coelho et al. [71] examined Ce-ZrO, in slurry and immobilised configurations
and reported more than 97% Cr(VI) removal from diluted effluent, including humic-acid-
containing systems. This example is chemically distinct from MOFs but provides context
for evaluating immobilised treatment. Within the MOF family, Zhao et al. [21] reported
92.6% Cr(VI) reduction within 60 min under visible light for MIL-101(Fe)/g-C3N,, ex-
ceeding either component alone; the enhancement was associated with light absorption
and proposed Z-scheme interfacial charge transfer. For comparison, MIL-53(Fe) /SnS and
PANI@g-C;N,/ZnFe,O, are shown in Figure 8 with Cr(VI) reduction/removal efficiencies
of 71.3% and 97.8%, respectively [53,98]. Their different material functions and reaction
conditions should be considered separately, and the endpoint percentages do not establish
an intrinsic activity ranking.

5.4. Noble Metal-Based and Multi-Component Systems

Noble-metal-containing photocatalysts should be assessed according to the chemical
form and function of the metal. Ag or Au incorporation can modify interfacial electron
transfer and, where demonstrated, introduce plasmonic effects. Aziz et al. [69] investigated
AgO/FSZr composites and reported 96% Cr(VI) reduction for the 5-AgO/FSZr sample
in coupled Cr(VI)/p-cresol treatment with stable performance over five cycles. Their
interpretation involved a reduced band gap and improved charge separation. Catalytic
function should therefore be established for the specific composite rather than inferred
from the presence of a noble metal.

Multi-component systems provide further examples of combining light absorption,
interfacial transport, and pollutant adsorption. Au/g-C;N,/CeO, [86] achieved Cr(VI)
reduction and oxytetracycline hydrochloride oxidation efficiencies of 88.2% and 95.1%,
respectively, associated with improved visible-light absorption and electron transfer. Meso-
porous ZnFe,0,-MnFe,0, composites [20] exhibited Cr(VI) reduction near 99%, although
industrial suitability requires evidence beyond initial conversion. For rtGO-Mn-TiO,, 99.7%
Cr(VI) removal was reported after 60 min of sunlight irradiation; the separately reported
99.02% value refers to total chromium removal [95]. Framework-containing systems provide
complementary comparisons: ZIF-8@TiO, achieved 93.1% removal after 120 min under
UV-visirradiation [99], whereas the NH,—MIL-125(Ti) study examines visible-light activity
and the influence of pH and hole scavengers [7]. The compiled Figure 8 includes a 91%
endpoint for NH,~MIL-125(Ti) [7]. Porous TiO,/ZIF-8 [100] and TiO,/MOEF-801(Zr) [34]
extend this group. These overlapping material categories illustrate why composition, mea-
sured chromium species, and experimental conditions must accompany any comparison
of efficiency.

5.5. Summary Tables of Mesoporous Photocatalysts

Tables 1 and 2 summarise selected studies on photocatalytic Cr(VI) reduction using
metal oxides, noble-metal-containing systems, framework materials, and hybrid compos-
ites. The tables compile material characteristics and experimental parameters, includ-
ing specific surface area, pore size, light source, pH, hole scavengers, initial Cr(VI) con-
centration, catalyst loading, irradiation wavelength and intensity, reaction time, kinetic
rate constants, reusability, and dark adsorption and photolysis controls, where reported.
This format facilitates comparison of the reported performance and supporting evidence,
although differences in experimental conditions limit direct quantitative comparisons
between photocatalysts.
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Table 1. Selected metal oxide and hybrid photocatalysts for Cr(VI) reduction.
Cr(VI) Re- . Hole Scav- Catalyst Wave- . Rate Constant, k . Controls
Ref. Material SSzS\i/zl;ore moval/Re- S]::Ercte pH enger/Organic Key Features CrE;I) /(If?m. Loading length/Irradi- tiIorrr\a"lqilrE:e (min~') /Kinetic it /I{S‘::l;;ll;ﬂit (Dark/Photol-
duction (%) Co-Substrate 8 (g/L) ance Ratio Y y ysis)
ST-01: 300 m? UV Large specific Amax ~ 30 min dark
TiO, (ST-01, g’1 ; P25: 50 black-light Formic acid surface area; 352 nm ST-01: 0.087; P25: equilibration;
[16] P25, m? g~ 1; ~98% (P25) (lam g 3 (0.30%) formic acid 30 0.67 (emission 120 min 0.043; FUJIFILM: NR illuminated
FUJIFILM) FUJIFILM: 8.7 15 WF)) e promotes Cr(VI) peak); 0.0031 tests without
m? g~! photoreduction 0.25 mW cm~2 TiO,
4 cycles; 100%
100% HCOOH- Removal of ,
) _ . Cr(VI) and 91% 25% total Cr
- 2 o1
(18] HO:Zr0y 166.5m* g7/ (complete  yy jop, 3 FCOONa coexisting Cr(VI) 20 3 365 nm 60min  0.041 Cu(Il) removal  removal in the
Tig 95219 05(300)  ~4.5 nm Cr(VI) (Imlper20ml  and Cu(II) by .
. : after the fourth dark (60 min)
removal) solution) photoreduction cycle
Conductive
- 95.28% (vs. carbon support
2 o1 o o :
[77] %2723 / zzg/IEGO 11\]2125 me g/ Zilzgr/lo for iog Vr\\[l m 2 None added electron transport 10 1 ? >t_42f?>nm 160 min 0.01829 9?t'0r23{° reclluctlon %a:rltiiontrol,
[ (;/vo )o p_Fs Oe : enon lamp and suppresses cut-o after 3 cycles
a x-re2s charge-carrier
recombination
C((Jiupled Cr(‘\i/'l)
tion an
96% Cr(VI) redue
2 N - p-cresol 5 cycles, 92% Dark control,
[69] 5-AgO/FSZr 25? /1;1 91 nm ;gg/uc?(?rrgsol igl‘i/gen;aer? : 1 1(315 isso]{—l ) oxidation; 10 0.4 A =400 nm 180 min 0.029 retained 3% Cr(VI)
& /7 oxizlaRcion P & suppressed efficiency removal
charge-carrier
recombination
Enhanced
visible-light
MIL- absorption and
[05] ?ﬁg-el)ésns 33965m2 gl 713% (pho-  300W NR  None added EZSZ?EM; Kk~ 0 ) 3;14?0;2" omin 001878 fecdyliilsor?ré}];)/ ggsrgigt?s;lj
prepared with (MS-15) toreduction)  xenon lamp 7.5 x that of cut—gffpﬁlter) ' initially — 65.9% desorption
15 mg pristine after reuse equilibration
MIL-53(Fe)) MIL-53(Fe) and
~5.2 x that of
pristine SnS
150 W
Xenon arc Cr(VI) 30 min dark
Fe,0,-TiO, 2 1 o lamp; photoreduction . 5 cycles, 3.7% adsorption—
[78] 107204 m* g 95.7% 1000 W 3.9-4 None added under UV and 10 2 NR 360 min NR . .
(1:1) halogen visible-light activity loss desorption
1 8 . 18 equilibration
amp irradiation
(visible)

Note: Rate constants are in min~!; kinetic ratios are dimensionless. Conditions and endpoints differ between studies. Lamp power (W) is distinct from irradiance
(mW cm~2). Amax denotes an emission peak; a long-pass cut-off denotes transmitted longer wavelengths. SSA: specific surface area; NR: not reported in the

main article.
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Table 2. Selected framework-based and bismuth-based photocatalysts for Cr(VI) reduction.
Cr(VI) Re- . Hole Scav- Cr(VI) Wave- i Rate Constant, k o
Ref. Material SS‘;/ZI;OR moval/Re- S];:\%?cte pH enger/Organic Key Features Conc. Loag?;al}?t /L) length/Irradi- tiIorrr\a"lqu;e (min~') /Kinetic it /RS:ZE;Lilit Controls
duction (%) Co-Substrate (mg/L) 818 ance Ratio y y

0D/3D
heterojunction
with proposed

NH,-MIL- S-scheme charge 4 cycles:

101(Fe)/ZnIn,S;  70.08 m? g~1/ o 300 W Xe transfer; separate ) efficiency Dark +

(36 (optimal 10% 11.01 nm 4% lamp 7 None added Cr(VI) reduction 20 02 A > 420 nm 60 min 0.0431 decrease from photolysis

formulation) and photo- 94% to 85%
Fenton-like
2-nitrophenol
degradation tests
Halogen
glﬂcot%s;:hze d ~100% substitution Highest for
o 1 °_ . tunes band 420 <A <780 nm TAPP-2F, 0.22 .

[33] COFs 454.45m” g (TAPP-2F); 300 W Xe 3 None added structure and 5 0.2 (irradiation 120 min (TAPP-2F), 0.017 5 C};cles. nearly Dark + .
(TAPP-2F, (TAPP-2F) lower for lamp 100% (TAPP-2F) photolysis
TAPP-2CI Cl/Br enhances range) (TAP-2Cl1), 0.013
T APP—ZBr,) charge-carrier (TAPP-2Br)

separation
Facet-dependent
Monocdlinic charge separation
[55] BiVO, ({010}  NR ~100% S0WXe oy Phenol | and transfer 8 1 A > 420 nm 150min  NR NR Dark +
oriented) lamp (50mg L) associated with (cut off filter) photolysis
{010}-oriented
growth
Nearly 100% Adsorption 120 min
Bi,S;-BiVO, Cr(VI) and coupled with irradiation 5 cycles: >85Y%

[12] graphene NR BPA remf)val 300 W Xe 5 BPA (10 mg L) photocatalysis; 50 08 A >420 nm after 40 NR removal both Dark + )
aerogel (3D (adsorption lamp proposed (cut off filter) min dark Cr(VI) and BPA photolysis
Z-scheme) + photocatal- Z-scheme charge adsorp-

ysis) transfer tion

Note: Rate constants are in min~!; kinetic ratios are dimensionless. Conditions and endpoints differ between studies. Lamp power (W) is distinct from irradiance
(mW cm™2). Amax denotes an emission peak; a long-pass cut-off denotes transmitted longer wavelengths. SSA: specific surface area; NR: not reported in the main

article; BPA: bisphenol A.
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Reporting Parameters and Comparability of Studies

The parameters in Tables 1 and 2 provide a common reporting framework for studies
conducted under different experimental conditions. Initial Cr(VI) concentration, catalyst
loading, irradiation wavelength/intensity, pH, hole scavengers, and co-pollutants define
the reaction environment in which each efficiency was obtained. Kinetic constants, reusabil-
ity, and control experiments (dark adsorption and photolysis) provide complementary
information about reaction progress, durability, and removal mechanisms. Where a pa-
rameter was absent from the original publication, the corresponding entry is marked as
‘not reported.” Reading these descriptors together allows differences in reported efficien-
cies to be interpreted in context while avoiding a direct ranking of systems tested under
dissimilar conditions.

5.6. Summary and Critical Analysis

Cr(VI) photoreduction efficiencies above 90% are common in the reviewed studies,
although lower values are also reported. Some systems approach complete removal within
30-60 min under optimised conditions [18,33,36]. Tables 1 and 2 show that these results have
been obtained with different combinations of accessible surface area, surface functionality,
visible-light response, and interfacial charge transfer. Selected oxides offer useful stability
and reuse characteristics; carbon-based and MOF composites provide additional options
for modifying spectral response and charge transport [77,98]. The advantages vary among
individual materials, while differences in experimental conditions prevent a definitive
ranking of the material classes. Activity near neutral pH and retention of conversion during
reuse are particularly relevant when considering wastewater applications. In this respect, a
catalyst that combines adequate conversion with stable operation may be more useful than
one that achieves a higher initial percentage only under demanding reaction conditions.
The comparison therefore depends on both treatment performance and the requirements
for maintaining it.

The experimental differences are substantial: reported solution pH values range from
strongly acidic conditions to neutral conditions [16,36,69], and irradiation includes UV,
visible light, and sunlight. Electron donors and organic co-pollutants also affect the supply
of electrons available for Cr(VI) reduction. Islam et al. [16], for instance, used formic acid
to consume holes during TiO, photocatalysis. Some donor-free systems required longer
irradiation to reach high endpoint removal. Their slower conversion cannot be attributed
to the catalyst alone, since the oxidation reaction and solution composition also differ.
Comparing these systems requires attention to donor addition, pH, and irradiation as well
as to catalyst composition and pore structure.

A further limitation is the emphasis on initial conversion in controlled model solutions
rather than sustained operation in realistic water matrices. Acidic conditions and lower
initial Cr(VI) concentrations can favour higher percentage removal, but their effects depend
on surface charge, chromium speciation, and the availability of reactive sites. At high
Cr(VI) concentrations or in the presence of competing ions, changes in adsorption and site
accessibility can alter the apparent performance. Pore blockage, surface deposition, and loss
of selectivity should therefore be treated as mechanisms requiring experimental evaluation
rather than inferred solely from a decline in efficiency. Repeated-use measurements under
representative wastewater conditions are needed to connect initial textural properties with
durability during treatment.

Endpoint removal remains the most widely reported measure, while kinetic data,
chromium speciation, and mechanistic characterisation are less consistently available. Photo-
luminescence and photocurrent measurements, such as those used for «-Fe,05;/aMEGO [77],
provide information on carrier behaviour. Dark adsorption and photolysis controls help
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distinguish adsorption and direct photolysis from photocatalytic removal, while chromium
speciation analysis is needed to confirm Cr(VI) reduction to Cr(III). These measurements
answer different questions and are most informative when reported together. The literature
supports further development of mesoporous photocatalysts, but separating the effects of
pores, surface chemistry, and electronic structure still requires suitable reference materials.
The practical challenges in Section 6 follow from this need to establish both the mechanism
of removal and the durability of the treatment under realistic conditions.

5.7. Comparative Synthesis of Additional Photocatalytic Systems

The additional studies on photocatalytic Cr(VI) reduction can be compared according
to the function of the modification and the evidence used to assess it. Carbon quantum
dots [101], phthalocyanines [102] and polydopamine [103] introduce light-responsive
surface components into TiO,-based systems, whereas Mo doping [104] and N doping [105]
modify the oxide itself. The study of pristine TiO, under visible irradiation [106] provides
a complementary reference for examining how the pollutant and solution composition
participate in electron transfer. These approaches address different limitations of TiO,; their
effectiveness should therefore be judged against the corresponding unmodified material
under the same illumination and solution conditions. A broader absorption spectrum alone
does not establish that the absorbed photons drive Cr(VI) reduction.

Oxide coupling can also modify adsorption and the distribution of reactive sites. Stud-
ies of Bi, O3 /TiO, with bisphenol A [107], TiO, /hydroniumjarosite [ 108 ], Cu-TiO, /CuO [109],
and CdS/ZnAlO [110] examine different combinations of light absorption and redox func-
tions. Zn-Al layered double hydroxide/TiO, [111] and CuCo,0,/TiO, [112] explicitly
connect adsorption with photocatalytic treatment, making dark equilibration and chromium
mass balances central to interpretation. Kaur et al. [113] reported a BJH pore diameter
of 3.64 nm for TiO,-Al,O;-ZnFe,0,, providing sample-specific evidence of mesoporosity.
In contrast, surface morphology alone cannot establish a 2-50 nm pore population. For
ZnFe,0,-decorated Al,O3;/MCM-41, Das et al. [114] reported 66% Cr(VI) reduction after
60 min under sunlight; the separate 99% phenol result after 40 min should not be assigned
to chromium. These examples illustrate why both pore descriptors and pollutant-specific
endpoints are needed.

Sulphide-containing heterostructures offer several routes to visible-light activity.
MglIn,S,/CdS [115] combines Cr(VI) photoreduction with a separate hydrogen-evolution
application. UCNPs@Zn,Cd,_,S/TiO, yolk-shell nanoparticles [116], incorporating
an amorphous TiO, layer, were investigated for Cr(VI) photoreduction under near-
infrared and simulated solar irradiation. The proposed charge transfer pathways in
vacancy-modified MoS,/SnS, [117], chemically bonded Mn,5Cd,5S/BiOBr [11], and
e-LDH/t-BiOCl/Bi,S; [73] should be assessed in relation to their respective interfaces
and operating conditions. WS, /BiOBr [118], black phosphorus/P-doped BiOCl [119],
TiO, /BiOCl [120], and oxygen-vacancy-rich TiO, /Bi;O5Br, [121] extend this comparison to
bismuth-based junctions. ZnIn,S,/In,O; nanofibers [122], SnS,/TiO, [123], and LaNiO;/g-
C3N,/MoS, [124] use different contact geometries and component functions. Together,
these studies support examination of interfacial transport, but the terms Z-scheme and
S-scheme should remain tied to the evidence reported for each system rather than inferred
from improved removal alone.

Carbon-containing systems likewise require a distinction between the photoactive
phase and the role of the carbon component. Carbon dot-silica hybrids [125] com-
bine Cr(VI) adsorption with a visible-light response, while catechol-TiO, carbonaceous
polymers [126] modify the organic-inorganic interface. Graphitic carbon nitride/titania
mesoflowers [49] provide a related adsorption example: their reported Cr(VI) removal
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concerns sorption, whereas photocatalytic activity was evaluated for organic contaminants.
The g-C3N,/Fe-ZnO/RGO [127] and metal-free graphene/g-C3;N,/carbon-dot heterostruc-
tures [128] provide further examples of carbon-containing composite architectures. The
study by Zong et al. [50], which tested urea-modified TiO, under visible, UV, and sim-
ulated solar irradiation, is useful for examining how preparation and illumination affect
the interpretation of a carbon-nitride modification. These comparisons require controls
for each component and for adsorption, because the presence of carbon, an increased
BET area and a higher removal percentage do not independently demonstrate the same
enhancement mechanism.

Framework and polyoxometalate composites illustrate how interfacial design can
be combined with selective surface interactions. UiO-66-NH,/ZnIn,S, [129] and MIL-
68(Fe) [130] address Cr(VI) treatment with different framework chemistries, whereas poly-
oxometalate/TiO,/Ag nanofibers [131], CdS/Cs;PW,,0,, [132], and calcined ZnTi-layered
double hydroxide containing PW;, units [133] introduce redox-active polyoxometalates.
Bi;O(PO,),(OH)/BiPO, [134] and Bi,MoO,/Bi,S; [135] explicitly combine adsorption and
photoreduction. Fu et al. [136] provide an informative mixed-pollutant example: MIL-
125-NH,@BiVO, removed 41.0% Cr(VI), compared with 98.7% malachite green and 99.1%
methylene blue in the ternary mixture after 3 h in a neutral medium. In the same ternary
pollutant system, Cr(VI) removal reached 57.1% after 3 h at pH approximately 2 [136],
illustrating the influence of solution conditions. The distinct endpoints show that efficient
dye removal cannot be used as a proxy for chromium conversion. Framework identity also
does not, by itself, establish the mesoporosity of the tested composite.

Metal incorporation should be compared through its chemical form and location.
Bi/Bi,WOq [137] uses a non-noble metal component, while the TiO,@Au@CeO, study [138]
examines Cr(VI) photoreduction while varying the position of Au within a hollow compos-
ite. Cu/TiO, nanorods [139] provide another metal-semiconductor interface for combined
dye and Cr(VI) treatment. These examples concern different interfacial arrangements;
attributing their behaviour solely to the presence of a metal would overlook the roles of con-
tact geometry and the oxidation reaction. Within-study comparisons of metal placement or
loading are therefore more informative for establishing a cocatalyst effect than comparisons
between endpoint percentages taken from separate publications.

Immobilised and recoverable systems shift the comparison from powder activity to
catalyst retention and reactor operation. Porous TiO, coatings [140], plasma-electrolytic-
oxidation coatings [141], and anodic TiO, nanotubes [142] retain the catalyst on a sub-
strate; silver-containing titania on waste-derived polystyrene [143], floating mesoporous
TiO, /polyurethane composites [144], and transparent PVA/TiO, films [145] use other sup-
port configurations. SnS,/nickel-sulphide junctions on nickel foam [146], FeCl;- and
TiO,-treated algae [147], and magnetic TiO,-lignocellulosic biomass/Fe;O, [148] fur-
ther diversify the recovery strategies. Ultrafiltration photocatalytic membranes [149] and
sulphonated-polysulphone/TiO, membranes [150] additionally combine separation with
treatment. Membrane rejection, adsorption, and photoreduction must be resolved as distinct
contributions. In the PEO study [141], morphology and porosity were evaluated qualita-
tively, so the coating should not be classified as quantitatively confirmed mesoporous on
that basis. These configurations also require reporting of exposed area, residence time or
flux, and catalyst loss during reuse.

Operating conditions can change the apparent benefit of the same material. Machado
etal. [151] compared photochemical and TiO,-mediated routes in the presence of ethanol,
providing a basis for distinguishing direct photochemistry from heterogeneous photocataly-
sis. Chang and Wu [152] reported rate constants of 0.260 and 0.038 min~* for Ag/Fe;O,/TiO,
nanofibers with and without ammonium oxalate, respectively; this within-study compar-
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ison demonstrates why electron-donor conditions must accompany kinetic values. The
formate-mediated CO,*~ process in leather wastewater [153] similarly depends on solution
chemistry, while the plating-wastewater study [ 154 ] examines pH and catalyst concentration.
Carbon-quantum-dot/CdS nanosheets were evaluated under saline conditions [74], and
e-LDH/t-BiOCl/Bi,S; was also examined in real-water and continuous-flow settings [73].
Energy consumption was explicitly considered for immobilised Mg,Ag/TiO, [72], whereas
a photocatalytic fuel cell coupled pollutant removal with electricity generation [155]. These
studies broaden practical assessment beyond conversion, but their reactor and matrix con-
ditions must remain identifiable when comparing performance.

The synthesis above distinguishes Cr(VI)-specific evidence from related photocatalytic
background. In the TiO,/oxidant study [156], Cr(VI) was added to promote acid orange 7
(AO7) degradation under simulated solar irradiation. The authors also reported that
nearly 60% of Cr(VI) was photocatalytically reduced to Cr(Ill), making this a coupled
oxidation-reduction example. The chromium-reduction result must be distinguished from
the dye-degradation efficiency. The H,- and H,O,-production studies [13-15] provide
interfacial-design context rather than chromium-treatment data.

Together with the studies discussed in the preceding sections and summarised in
Tables 1 and 2, these findings inform the comparative assessment of photocatalytic Cr(VI)
reduction. Background literature supports the discussion of material design and reaction
mechanisms and is distinguished from the experimental studies included in the screening
procedure described in Section 2.

6. Practical Challenges
6.1. Catalyst Recovery

Recovering nanoscale photocatalysts from treated waters presents a significant prac-
tical barrier. Centrifugation and filtration can require substantial energy input and may
be inefficient for processing large volumes of treated wastewater. Magnetic composites
incorporating Fe;O, can facilitate catalyst separation from treated water using an external
magnetic field [4,148]. Further research should assess the long-term stability of magnetic
composites during photocatalytic treatment, including possible particle release and changes
in catalyst recovery efficiency over repeated cycles.

6.2. Metal Leaching and Secondary Contamination

Some photocatalysts contain potentially hazardous metals, particularly cadmium in
CdS-based systems, such as Bi,S;@CdS@RGO [63]. Metal-ion leaching during treatment
can cause secondary contamination and should therefore be evaluated under the relevant
operating conditions. Cd-free alternatives include TiO,- and g-C3N,-based systems [16,87],
as well as selected Fe-based materials [77], although their environmental compatibility
should not be assumed solely from their composition. Assessment should include dissolved-
metal measurements and residual-toxicity testing, together with stability evaluation over
repeated treatment cycles.

6.3. Real Wastewater Matrices

Many laboratory studies use synthetic Cr(VI) solutions prepared in deionized water.
However, actual industrial wastewater may present additional matrix-related factors:

i.  Coexisting ions, such as chloride, sulphate, phosphate, Ca**, and Mg?*, may alter
adsorption and reaction pathways depending on their identity and concentration.
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ii. Organic co-pollutants, such as dyes, phenols, and antibiotics, may promote Cr(VI)
photoreduction by consuming photogenerated holes [11,106] or inhibit treatment
through competitive adsorption and light screening.

iii. Variable solution pH affects chromium speciation, catalyst surface charge, and the
thermodynamic driving force for Cr(VI) reduction [7,154].

iv.  Elevated ionic strength may affect adsorption, particle aggregation, and catalyst dispersion.

Because relatively few studies have examined actual wastewater, these matrix effects
remain an important gap in the evidence for practical application. Future testing should
therefore prioritise realistic wastewater conditions.

6.4. Scalability and Reactor Design

Scaling up photocatalytic Cr(VI) reduction from laboratory experiments to practi-
cal treatment applications requires consideration of both catalyst production and reactor
operation. Key considerations for scale-up include:

i.  Low-cost, readily available precursors and reduced reliance on noble metals, where
suitable alternatives are available.

ii. Reproducible synthesis methods with limited processing steps, solvent consumption,
and energy requirements are needed. One-pot and template-free approaches may sim-
plify production, whereas hydrothermal and solvothermal methods require evaluation
of their temperature, pressure, and equipment requirements.

ifi. Catalystimmobilisation on supports, such as fibres, membranes, or foams [140,146,149],
facilitates recovery and reuse, while accounting for possible limitations in accessible
surface area and mass transfer.

iv. Photoreactor designs should provide effective light distribution, adequate contact
between Cr(VI) and the catalyst, and sufficient residence time. Continuous-flow
configurations [73] warrant investigation for sustained treatment, alongside suitable
slurry and immobilised-catalyst systems.

The suitability of these approaches should be assessed through pilot-scale testing under
realistic wastewater conditions. Evaluation should include Cr(VI) reduction efficiency,
catalyst stability and reuse, energy consumption, and treatment throughput.

6.5. Cost Considerations

Noble-metal incorporation may improve photocatalytic performance, but it also adds
to catalyst production costs. Its economic justification therefore depends on the metal
loading and the resulting gains in Cr(VI) reduction activity, catalyst lifetime, and reuse.
Catalysts based on more abundant metals, such as Fe, Mn, or Cu, may offer lower-cost
alternatives, provided that their performance, stability, and potential metal leaching are
adequately assessed.

Economic evaluation should consider precursor costs, synthesis and immobilisation
requirements, reactor investment, energy consumption for irradiation and pumping [72],
and any required chemical additives. Catalyst recovery, regeneration, replacement, and
the management of chromium-containing residuals should also be included. Comparisons
should be made under comparable treatment conditions and expressed in terms of cost per
unit volume of water treated to a specified residual Cr(VI) concentration.

6.6. Standardisation of Performance Metrics

Recent studies of MXenes, COFs, S-scheme heterojunctions, and photocatalytic mem-
branes during 2024-2026 have broadened the range of architectures investigated for
Cr(VI) reduction. Examples include NH,-MIL-101(Fe) /ZnIn,S, [36], defect-engineered
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MOFs [37], halogen-functionalized COFs [33], MXene-based composites [5], and photo-
catalytic membranes [70]. Evaluating these developments requires consistent reporting as
well as material innovation. Catalyst immobilisation and reactor design, performance in
real-water matrices, leaching and toxicity tests, life-cycle and cost analyses, and scale-up
conditions describe complementary aspects of practical suitability. These aspects should be
considered alongside removal efficiency when interpreting new materials, so that laboratory
advances can be assessed against the requirements of wastewater treatment rather than
solely against endpoint percentages.

Differences in testing conditions and reporting practices continue to limit reliable
cross-study comparisons. A minimum reporting standard should include:

e Initial Cr(VI) concentration (mg L™1);
e Catalyst loading (g/L);

Light source characteristics (lamp type, wavelength range and filters, irradiance at the
reactor, and source-to-reactor distance);

pH of the solution;

Presence and concentration of any hole scavenger;

Dark controls to assess adsorption and any non-photochemical Cr(VI) reduction;
Catalyst-free irradiation controls to assess direct photochemical Cr(VI) reduction;

Time-resolved Cr(VI) concentration data and, where justified, apparent kinetic rate
constants, including the fitting model, units, and goodness of fit;

Reusability data (multiple cycles with activity retention percentage);

Irradiation time, solution volume, and reaction temperature;

Water matrix composition, including relevant coexisting ions and organic co-pollutants;

Analytical methods for Cr(VI), evidence of Cr(IIl) formation, and chromium mass
balance where feasible;
e  Replicate measurements and experimental uncertainty.

Adopting a common reporting standard would make the practical questions discussed
above easier to evaluate across studies. Defined irradiation conditions and kinetic data
support interpretation of reaction performance; adsorption and photolysis controls clarify
removal mechanisms; and reuse measurements provide context for catalyst durability.
These measurements also supply the basis for evaluating immobilisation, reactor design,
and operation in realistic water matrices. Leaching and toxicity assessments, together with
life-cycle and cost analyses, remain necessary to determine whether improved laboratory
performance supports practical implementation. The value of standardisation is therefore
to connect material development with reproducible assessment of treatment performance
and the evidence required for scale-up, rather than to treat a single removal percentage as a
measure of overall suitability.

For manufacturing, the central difficulty is reproducing the material properties re-
sponsible for laboratory performance at larger production volumes. Complex templating
and calcination routes can increase costs, while maintaining uniform pore structures and
stability under variable water chemistries remains challenging. These constraints link
synthesis reproducibility with treatment reliability and should inform comparisons with
conventional adsorbents and reductants. Economic viability must be assessed alongside
photocatalytic performance under the relevant operating conditions. Establishing this
connection between reproducible manufacture, stable operation, and cost-effectiveness is
necessary before mesoporous materials can progress from laboratory demonstrations to
commercially viable wastewater treatment technologies.
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7. Conclusions and Future Directions

Mesoporous materials offer several ways to improve photocatalytic Cr(VI) reduction.
Accessible surfaces favour contact with chromium oxyanions, connected pores facilitate
reactant transport, and the incorporation of dopants or additional phases can modify light
absorption and charge transfer. Selected systems have shown improved Cr(VI) reduction
relative to their corresponding controls, with some approaching complete conversion under
the specific experimental conditions reported. The benefit of mesoporosity depends on the
surrounding chemical and electronic structure, rather than pore size alone. Pore charac-
terisation and reaction controls remain necessary for identifying that contribution in each
material. The results reviewed here favour designs in which accessible pores and suitable
surface chemistry work together with effective utilisation of photogenerated electrons.

High Cr(VI) reduction efficiencies have been reported under acidic conditions, with
sacrificial electron donors and/or cocatalysts used in some systems. Apparent pseudo-
first-order kinetics are frequently used to describe the reaction, although the fitted rate
constants depend on concentration, irradiation, and the interval considered. Comparisons
with less porous controls are consequently most useful within experiments conducted under
equivalent conditions. Operating limits also need attention. Catalyst loading above a system-
specific optimum may increase light attenuation, while high initial Cr(VI) concentrations can
saturate accessible sites and lower the apparent rate. Material development must therefore
be accompanied by optimisation of the reaction conditions. Further work should establish
whether the resulting performance can be maintained during wastewater treatment, where
water composition and operating demands are less readily controlled.

A primary direction is to scale up selected mesoporous photocatalysts and test them
under realistic wastewater conditions, examining the effects of competing ions and catalyst
instability over extended reuse cycles. Secondly, efforts towards pore structure modification
and functionalization tailored for Cr(VI) capture and photoreduction should continue. Fur-
ther development of MOF- and COF-based systems should establish how their measured
pore structures and surface functionalities contribute to Cr(VI) adsorption and photore-
duction. Thirdly, standardisation of performance evaluation criteria and protocols should
be encouraged in future research to facilitate comparison between different catalysts and
experiments. This would involve measuring contaminant removal at defined time intervals
and reporting kinetic data under comparable irradiation and pH conditions. Lastly, detailed
mechanistic studies using advanced spectroscopic methods and theoretical models could
clarify how mesoporosity affects the electron-hole dynamics involved in Cr(VI) reduction.

These research directions can be brought together through three complementary de-
sign priorities. Pore engineering should connect hierarchical mesoporous structures and
tailored surface functionalization with pollutant diffusion, adsorption selectivity, and pho-
ton utilisation. Multifunctional catalyst design should examine how photocatalysis interacts
with adsorption, advanced oxidation, or membrane separation in complex wastewater
matrices, including the consequences for catalyst stability. System development should then
evaluate immobilised films, membrane-based composites, and continuous-flow reactors
as means of implementing these material functions at a practical scale. Considering pore
structure, combined treatment functions, and reactor configuration together provides a
coherent route for testing whether mesoporous photocatalysts can deliver sustained and
sustainable Cr(VI) remediation beyond the laboratory.
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