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Challenges and Perspectives on Photocatalytic Membrane
Reactors for Volatile Organic Compounds Degradation and
Nitrogen Oxides Treatment

Muhammad Hassnain, Asad Ali, Muhammad Rizwan Azhar,* Abdulrahman Abutaleb,
and Muhammad Mubashir

Air pollution is a pressing environmental and public health issue, with volatile
organic compounds (VOCs) and nitrogen oxides (NOx) being among the most
hazardous airborne pollutants. Photocatalytic membrane reactors (PMRs)
have emerged as a promising technology for air purification due to their
ability to integrate photocatalytic degradation and membrane separation in a
single system. This paper provides a comprehensive review of the
advancements, challenges, and future prospects of PMR technology for VOC
degradation and NOx treatment. Various photocatalytic membranes and their
fabrication techniques, including material selection, structural modifications,
and catalyst immobilization strategies, are critically analyzed. The study
further explores different PMR configurations, operational parameters, and
their efficiency in air treatment applications. A theoretical PMR test system is
also presented to evaluate design optimization strategies. Despite its
potential, challenges such as membrane fouling, catalyst deactivation, and
scale-up limitations remain critical barriers to widespread adoption. Future
trends focus on enhancing photocatalytic performance, developing
cost-effective materials, and optimizing reactor designs to facilitate large-scale
industrial applications of PMRs.

1. Introduction

Air pollution poses a significant threat to all life forms on Earth,
primarily due to rapid population growth, urbanization, and the
rapid industrial revolution occurring worldwide.[1] Although air
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pollution may be caused by some natural
phenomena, such as volcanic eruptions,
windblown dust, and natural chemi-
cal emissions from organic sources, it
mainly involves anthropogenic exploita-
tion, including vast volumes of emissions
from fossil-fuel-based vehicles, rapid de-
forestation, and synthetic chemical emis-
sions from various indoor and outdoor
sources.[2–5] The 2024 World Health Or-
ganization world health statistics report
shows that 6.7 million people have lost
their lives due to air pollution (≈4.2 mil-
lion demises with climate air pollution
(outdoor contamination), with ≈3.2 mil-
lion deaths by household air pollution
(indoor contamination)) in 2019, occur-
ring as a result of various issues such
as strokes, heart and chronic-obstructive-
pulmonary-based diseases, lung cancer,
and acute respiratory toxicities.[6–8] It is
also worth noting that ≈99% of the
world’s population lives in areas where
the air quality index has already exceeded

safe limits.[8] The chief sources of outdoor air pollution include
the burning of solid fuels, vehicles, power generation through
combustion, and the burning of agricultural waste and industrial
gases.[9] Indoor pollution sources primarily comprise burning fu-
els such as dung, wood, and coal in incompetent stoves or open
hearths.[10–12] Both outdoor and indoor pollution sources produce
numerous health-damaging contaminants, the most common of
which are volatile organic compounds (VOCs) and nitrogen ox-
ides (NOx).

[12–14] Figure 1 shows the global distribution of total
annual emissions for VOCs and NOx, both measured in kilo-
tons per year. The maps reveal that emissions are strongly cor-
related with regions of high population density and industrial
activity, such as North America, Europe, South and East Asia.
In Figure 1a, VOC emissions are mainly concentrated across ur-
ban and agricultural zones, reflecting contributions from both
anthropogenic and biogenic sources. Figure 1b highlights NOx
emissions with notable intensities over major cities, transporta-
tion corridors, andmaritime shipping routes, as evidenced by the
prominent pathways over oceans. The color gradient from blue
to red indicates an increase in emission intensity, with red repre-
senting the highest emission levels.
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Figure 1. Projected countrywide emissions in 2025 (in kilotons per year) for a) total VOCs and b) NOx (represented as NO2). Reproduced under the
terms of the CC BY 4.0 License.[15] Copyright 2025, Published by National Aeronautics and Space Administration. Data plotted with opensource Java
Libraries in Panoply.[16] c) Major sources of VOCs and NOx emissions per year in the Sydney Region, Australia. Reproduced under the terms of the CC
BY 4.0 License.[17] Copyright 2021, Published by Australian Government Department of the Environment and Energy.

In Figure 1c, most NOx emissions originate from road trans-
port and can, therefore, be considered a major outdoor pollutant.
By contrast, VOCs can be considered major indoor pollutants as
themajority of these are emitted from indoor fuel burning. These
contaminants are the primary cause of damage to the air quality
index andmajor pulmonary and other diseasesmentioned above.
Thus, it becomes essential that utmost efforts are directed toward
studies on removing these pollutants.
A variety of elimination methods are employed to address the

problems, including catalytic oxidation, regenerative thermal ox-
idation (RTO), biodegradation, membrane filtration, photocat-
alytic oxidation (PCO), the use of high-efficiency particulate air
(HEPA) filters, and hybrid technologies (plasma, O3, and/or a
combination of the former technologies).[18–22] Among the var-
ious conventional methods, the most commonly used method
is adsorption, which utilizes activated carbons or highly porous
materials to remove significant pollutants from the air.[23] How-
ever, these materials are limited, with issues related to regenera-
tion and compromised adsorption, particularly in wet conditions

and at lower concentrations.[23,24] Meanwhile, RTO technology is
efficient in terms of degradation. However, this is also energy-
intensive, as biodegradation requires large-scale facilities and
is impeded by ecological variables.[25] Although photocatalytic-
assisted HEPA filters can be a good fit for commercial-scale ap-
plications, this technology is based on the selective separation of
gases, which is challenging when compared to membrane-based
systems.[26] Therefore, developing enhanced and novel air treat-
ment technologies is required.
Owing to its outstanding characteristics, such as ease of op-

eration at room temperature and atmospheric pressure, effec-
tiveness against various contaminants at low concentrations
(ppb level); and less harmful final products (carbon dioxide
(CO2) and water (H2O)), PCO technology appears as an alter-
nate and encouraging technology for conventional approaches
in recent years.[27] During the past few years, numerous stud-
ies have been published on the development of PCO technol-
ogy for air treatment.[28,29] Within this technology, air pollutants
are not accumulated and removed from the air stream; instead,
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Figure 2. Overview of photocatalytic membrane (PM) air purification process.

semiconductor catalysts are utilized under ultraviolet (UV) and
visible and near-infrared radiation to transform hazardous chem-
icals into less hazardous products.[29] This is achieved by sub-
jecting pollutants to a light source and photocatalyst, which
causes the contaminants to mineralize into CO2 and H2O. A
photocatalyst is a substance that absorbs light (hv) with an
energy greater than or equal to the band gap energy (Eg).
It then utilizes that energy to excite electrons from the va-
lence band to the conduction band, initiating a chemical re-
action by supplying reactive species (OH• and O2−•) to the
reactants and converting them into products, as shown in
Figure 2.[27,29]

The photocatalytic process offers several advantages, such as
mild operating conditions and the utilization of light and oxy-
gen sources from the air for the degradation of various com-
pounds in the gaseous phase.[27] However, there are also numer-
ous challenges associated with it, such as the ongoing develop-
ment of high-activity photocatalytic reactor (PR) systems. Addi-
tionally, mass transmission course and squat quantum effective-
ness are the main factors that are underperforming in relation
to the reaction mechanism and PR configurations.[30] Addition-
ally, redox reactions occurring in the PR may lead to the forma-
tion of harmful intermediates in cases of incomplete reactant
conversions.[31] These limitations often reduce the implementa-
tion of photocatalytic technologies at the industrial level.
To utilize photocatalysis for industrial applications, it is cru-

cial to regulate chemical reaction kinetics to prevent the forma-
tion of undesirable products from secondary reaction pathways,
as this leads to a low yield.[32,33] One of the significant disadvan-
tages when developing PR configurations for commercial pur-
poses is the recovery of the photocatalyst and the separation of
the products.[34,35] Accordingly, photocatalytic membrane reactor
(PMR) technology offers a possible solution in which the recov-

ery and reuse of photocatalysts and the separation and recovery
of products occur instantaneously.[36–38] According to the Inter-
national Union of Pure and Applied Chemistry (IUPAC) defi-
nition of membrane reactors, PMR can be distinguished as a
system that operates in several arrangements and collectively
couples a photocatalyst reaction with membrane separation in
a single unit.[39] The effective utilization of PMR-based technol-
ogy demonstrates an emergent strategy for large-scale and indus-
trial photocatalytic applications. The two most well-known oper-
ative configurations are an immobilized/coated photocatalyst on
a membrane network or a self-standing membrane and a sus-
pended photocatalyst in the reaction chamber (RC) with addi-
tional membranes (M1 and M2), as shown in Figure 3.[40,41] Both
these configurations have explicit advantages and limitations, de-
pending on the specific applications.[42,43] The immobilized unit,
for instance, shows synergistic effects with support. Additionally,
the unit facilitates the recovery of the photocatalyst without the
need for a photocatalyst retention unit (RU), enabling contin-
uous flow operation, which is particularly beneficial for indus-
trial applications, as illustrated in Figure 3a.[44] On the one hand,
the photocatalyst in the supported systems has limited access to
light, leading to lower degradation efficiency and prolonged re-
action times.[45] On the other hand, in suspended arrangements,
as shown in Figure 3b, due to their large effective area and better
light harvesting, photocatalysts appear to be more photoeffective
than coated photocatalysts.[46,47] However, the difficulty of sepa-
rating photocatalysts from the reactants at the outlet stream, com-
bined with the lack of photocatalyst suspension in a gaseous sys-
tem, makes this approach less suitable for industrial gas-phase
applications.[48] Thus, considering the recovery and separation of
photocatalysts and the selective separation of products, both pho-
tocatalytic arrangements should be considered to achieve an ef-
fective PMR system. Due to the ease of their manufacture, coated
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Figure 3. PMR arrangements as a) photocatalyst immobilized on membrane module/self-standing membrane. b) Suspended photocatalyst with mem-
brane inside (M1) and outside (M2) of RC.

or self-standing PMs are primarily used for lab-scale testing pur-
poses and, thus, have been mainly employed in this review.[49]

Beyond air purification, PMRs demonstrate higher efficiency
in water and wastewater treatment compared to air purifica-
tion due to better mass transfer, higher pollutant concentrations,
and improved photocatalyst stability in liquid-phase systems.[50]

PMRs effectively degrade pharmaceuticals, pesticides, PFAS,
dyes, and heavy metals in water treatment, benefiting from di-
rect pollutant–membrane contact and photocatalyst retention, re-
ducing leaching and deactivation.[51,52] Additionally, self-cleaning
properties help preventmembrane fouling, enhancing long-term
performance. By contrast, air treatment faces challenges such
as low gas-phase adsorption, slow contaminant diffusion, and
catalyst deactivation due to dry conditions and exposure to UV
radiation.[53] Despite these challenges, PMRs remain crucial for
air purification, and ongoing advancements in photocatalyst im-
mobilization and reactor design aim to improve their efficiency
for VOCs and NOx removal. While PMRs have been extensively
studied for water and wastewater treatment, this study focuses
solely on their application in air purification.

2. Photocatalytic Membranes

PMs have received attention in recent years due to their novel
design, effective photocatalytic efficiency, ambient temperature
applications, low energy consumption, and sustainability, as well
as their synergetic photocatalytic and separation system.[54,55] A
photocatalytic membrane usually integrates photocatalysts and
separation membranes, which is advantageous for resolving the
difficulties encountered in both separation and photocatalysis.
The coated PM consists of twomajor key configurations: i) mem-
brane with photoactive separation layer coated on the porous
nonphotoactive support, and ii) nonphotoactive separation layer
coated on porous photoactive support with membrane.[43,56] In
this approach, a light source may be positioned on any side of
the PM/feed lateral, depending on the type of membrane em-
ployed. Photocatalytic membrane technology has rapidly transi-
tioned from the academic to the commercial realm, as it has sur-
passed state-of-the-art photocatalytic performance and enabled
novel functionalities, including high permeability, photocatalytic
activity, and appreciable resistance to fouling.[57] Modified pho-
tocatalysts are required for this technology to deliver competent

photocatalytic behaviors, such as the upright departure of pho-
togenerated charge carriers, extensive light absorption, higher
durability, and reusability.[58,59] In PM design, key factors include
loading of photocatalysts and surface modifications, mechanical
strength, chemical resistance, permeability, selectivity, and the
structure/morphology of the membrane.[35,60] These parameters
need to be optimized to achieve outstanding activity of PMR in
various air and water treatment applications.[61]

The choice of suitable materials from a variety of organic,
inorganic, and/or metallic moieties, along with immobilization
strategies (dip coating, tape casting, dry–wet spinning, drop-
casting, electrospraying, electrospinning, vacuum filtration, and
so on), are summarized in Figure 4 for the novel scheme, which
is established for photocatalytic membranes involving numer-
ous gas treatment applications under UV and UV–visible light
irradiation.[62,63] For example, Hu et al. have detailed the synthe-
sis of black phosphorus (BP)/polymeric carbon nitride (PCN)–
HKUST-1 membranes, as shown in Figure 4a.[64] The figure in-
dicates that the photocatalyst is immobilized on the surface of
the membrane through a series of steps, utilizing the vacuum
filtration method. PCN demonstrated a highly porous and thin
nanosheet morphological structure, whereas BP exhibited ultra-
thin and smooth nanoflake structures. In addition to the prepa-
ration method itself, the physicochemical characteristics of the
photocatalyst and the surfaces of the synthesizedmembrane play
a crucial role in PM preparation.[58,65] Additionally, critical issues
in the choice ofmembrane and photocatalyst include photochem-
ical durability, adhesion of the photocatalyst to the membrane
module, enhancement of quantum efficiency, type of light spec-
trum, and mechanical strength.[40,66] In terms of permeability
and selectivity,membrane transport propertiesmust also bemea-
sured. These can be tailored using a suitable membrane struc-
ture and configuration selection.[67] Additionally, photocatalysts
must be firmly embedded or supported on the membrane sup-
port for optimal performance. In general, mechanically durable
support/ceramic materials such as alumina, silica, zirconia, tita-
nia, and metal/oxide mixtures have been employed as photocat-
alytic membrane materials.[68,69] These ceramic membranes are
primarily fabricated through the sol–gel technique, where disper-
sions are used to prevent the formation of aggregates.[48] Accord-
ingly, asymmetric assembly is achieved by dropping particles of
decreasing size and calcination at elevated temperatures to form
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Figure 4. PM preparation steps for a) BP/PCN–HKUST-1 membrane. Reproduced with permission.[64] Copyright 2019, The Royal Society of Chemistry.
b) Silicon-doped TiO2 nanorod (Si─TiO2 NR) alumina hollow ceramic membrane with characterization techniques as c) SEM of Si─TiO2 NRmembrane
(top surface) and d) AFM 2D (left)/3D(right) image (top surface). Reprodued with permission.[46] Copyright 2014, Elsevier.

continuous, porous layers. The same method is employed, as
shown in Figure 4b, to prepare an alumina hollow ceramic mem-
brane using Si–titanium dioxide (TiO2) nanorods (NRs). Interest-
ingly, the pore dimensions and features of the superior selective
region can be adjusted according to the grain size and type of
particles used.[46] Figure 4c,d presents the surface characteriza-
tion of this membrane as scanning electron microscopy (SEM)
and atomic force microscopy (AFM) for surface morphological
and topographical (2D/3D) analysis, respectively.[70]

In terms of reaction mechanism, PM follows the step-by-step
complexity of both external and internal mass transfer, as shown
in Figure 5.[71] External reactant particle mass transfer from the
bulk phase to the PM surface occurs in Steps 1 and 2. P and I
are produced in Step 3 in the presence of light and transported
to the surface (3a–3b) or membrane matrix (3–4) as retentate for
separation. Finally, the permeate bulk side selective product (5–
5a) is obtained. In addition to the reported literature on these
steps, it can be assumed that the complete separation of products
(P) occurs with some reactants (R) that are also converted into
intermediates (I).
Various studies have reported ceramic and polymeric PM

for air treatment applications (including NOx and VOC
treatment).[72–74] Ceramic membranes, such as TiO2, zinc ox-
ide (ZnO), ferric oxide, cadmium sulfide (CdS), gallium phos-
phide, zinc sulfide, and others, have been employed as stable
photocatalysts and substrates.[75,76] Pure freestanding TiO2 PMs
are also commonly used and are developed mainly by utilizing
TiO2 nanomaterial.[77] Various TiO2-based PMs have been as-
sessed by distinctly describing membrane applications or quan-
tifying photocatalytic activities.[77–79] Moreover, research has in-
dicated that the photocatalytic performance of TiO2-based mate-
rials can be enhanced using various approaches, such as load-
ing metal particles (platinum (Pt), Au, silver (Ag), Pd, and so

on), doping of nonmetallic elements (C, N, P, and S) and host-
ing heterojunctions or immobilizing on carbon materials.[80] For
instance, Modesti et al. have developed three different TiO2-
based membrane nanomaterials in this regard: TiO2 nanofibers,
polymer TiO2 nanofibers, and multilayer polymer nanofibers
with TiO2 electrospray derived for the photooxidation of VOC
(methanol).[81] 2D graphitic carbon nitride (g-C3N4) nanosheets
have gained substantial attention as a novel photocatalyst mate-
rial due to their large surface area, exceptional visible light ac-
tivity, tunable surface functions, and ease of structural modifica-
tion through the addition of different servingmaterials.[82–85] Sev-
eral research studies have also been made to enhance the surface
properties of the membrane, including elemental doping, chem-
ical modification, and building of heterojunctions (CdS/g-C3N4,
PB/g-C3N4, NiS2/g-C3N4, WS2/g-C3N4, molybdenum disulfide
(MoS2)/g-C3N4, CoTiO3/g-C3N4, tungsten oxide (WO3)/g-C3N4,
g-C3N4/reduced graphene oxide (rGO), and so on) for numer-
ous photocatalytic applications.[86,87] Recently, Hu et al. have re-
ported onBP embedded in a porous g-C3N4(PCN)/metal–organic
framework (MOF) heterojunction as a novel photocatalytic mem-
brane material for removing nitric oxide from air under visible
light radiation.[64]

Several polymers, such as polyamide (PA), polyvinyli-
dene fluoride (PVDF), polyethersulfone (PES),
PVDF/sulfonated polyethersulfone (SPES), polyurethane (PU),
polyethyleneterephthalate (PET), polyester, polyacrylonitrile
(PAN), and polytetrafluoroethylene (PTFE) have also been
employed as supports in photocatalytic membranes.[35,88] The
choice of polymeric materials for PMRs is crucial as these
materials must provide the necessary stability, permeability,
mechanical strength, and compatibility with photocatalysts.[89]

PA is known for its excellent mechanical strength, chemical
resistance, and hydrophilicity; PA membranes are widely used
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Figure 5. General photocatalytic reaction and transportation mechanism through photocatalytic membrane.

in filtration and separation processes. Their high surface charge
enhances interaction with photocatalysts, improving pollutant
degradation efficiency.[90] PVDF membranes exhibit high ther-
mal and chemical stability, making them suitable for harsh
operating environments. They have excellent hydrophobicity,
which can be modified through surface treatments to enhance
photocatalyst adhesion and water permeability.[91] PES is known
for its high permeability, mechanical durability, and oxidation
resistance.[92] SPES, a modified form of PES, features additional
hydrophilic functional groups that enhance flux and photocat-
alyst dispersion, thereby improving photocatalytic activity.[93]

PU membranes are highly flexible and resistant to mechanical
stress, making them suitable for applications that require both
membrane elasticity and durability. Their structure allows for
the effective immobilization of photocatalysts while maintaining
membrane integrity.[94] PET and polyester are polymers that
provide high chemical resistance and thermal stability. Their
smooth surface morphology facilitates the controlled deposition

of photocatalysts, reducing fouling and enhancing long-term
performance.[95] PAN membranes have high porosity, chemical
stability, and good mechanical strength. They are widely used
in gas-phase and liquid-phase photocatalysis, providing a stable
support for heterogeneous photocatalysts.[96] PTFE is known
for its exceptional resistance to extreme pH conditions, thermal
stability, and nonstick properties. It is ideal for harsh chemical
environments and can be modified to improve photocatalytic
performance.[97]

Accordingly, the PMs were shown to possess upright thermal
durability, extraordinary energy efficiency, and low cost, making
them suitable for various industrial applications. Covalent or-
ganic frameworks have also been established as a growing area
of interest for gas conversion, storage, and separation applica-
tions, owing to their high porosity with chemical functionalities,
thermal durability, and a large volume of proton conductivity.[98]

Hence, the effective employment of PM features is a funda-
mental tactic to expand a beneficial blend of photocatalytic

Global Challenges. 2025, 9, 2500035 2500035 (6 of 21) © 2025 The Author(s). Global Challenges published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.global-challenges.com


www.advancedsciencenews.com www.global-challenges.com

processes and membrane technology concurrently. Through
single-unit photocatalytic reactions and product separation, syn-
ergetic effects enhance both quantum and economic impact.

3. Photocatalytic Membrane Reactor

In recent years, PMR has emerged as a promising technology
for overcoming the disadvantages of conventional reaction sep-
aration techniques, as well as the limitations of photocatalysis
alone.[35,99] PMR, or membrane photocatalytic reactor, is an in-
tegrated system consisting of photocatalytic reaction and mem-
brane filtration processes into a single unit. This system of-
fers many key advantages such as i) low capital/operating cost,
where the design and installation of PMR are cost-effective and
easy, the reaction/separation integrated PMRmodule constitutes
lower overall costs, the system needs comparatively small reac-
tion volume, it has a lower cost of preparation of the membrane,
and membrane generally needs a small amount of material to
coat/embed; ii) operation at ambient conditions: mainly PMR
operation needs ambient conditions as the use of light triggers
the reactions;[100] iii) ease and trustworthiness: the membrane-
based materials remain stable in the long run, as they do not
exhibit rapid decay in routine and thus avoid regular shut-
down and start-up;[43] iv) self-cleaning ability and reduced mem-
brane fouling: impurities on the surface of the PM are con-
stantly degraded due to photocatalytic surface reactions, creat-
ing a self-cleaning effect that leads to reduced fouling (fouling
is a process of adsorption and/or deposition of materials on
the pore and surface of the membranes, developing flux decre-
ment, PM erosion/rupture/channeling, and even decreasemem-
brane durability);[100,101] v) adaptability and design efficiency:
PMR functions to eliminate a significant percentage of pollutant
gases and help separate residue products, with the ability to con-
fine photocatalyst within the reactor.[102]

Due to several advantages, PMR has been employed in numer-
ous applications, including air treatment processes such as the
removal of VOCs and NOx. A detailed description of PMRs is
provided in Sections 3.1.1 and 3.1.2, analyzing both operational
parameters and outputs. Table 1 provides a summary of PMRs
for VOC degradation and NOx treatment with PM employed, as
well as the reactor configuration and operational conditions re-
quired for the development of photoactive materials with desir-
able characteristics necessary for the efficient design of PMR sys-
tems. Moreover, numerous systematic investigations in these ar-
eas have been conducted on a pilot scale, with varying operating
conditions, to evaluate the PMR methodology.

3.1. Applications of PMR in Air Purification

3.1.1. Photodegradation of VOCs in Air

According to the United States Environmental Protection
Agency, the existence of high VOCs both indoors and outdoors
often has severe adversative effects on the environment and civic
health.[103–105] A variety of VOCs are released following the use
of a range of products, including paints, cleaning materials, pes-
ticides, construction supplies, fittings, and others. Subsequently,

among the numerous technologies involved in improving indoor
and outdoor air quality, PMRs are considered the emerging tech-
nology, integrating photodegradation and membrane removal of
VOCs, as discussed in previous sections.[99,100,106]

Recently, G´erardin et al. performed n-hexane removal in
a lab-scale PMR, as shown in Figure 6a,[107] whereby this hy-
brid plug-flow system was designed to be integrated with a
TiO2/polydimethylsiloxane (PDMS)/PANmembrane to evaluate
the effect of different operating parameters, such as temperature,
pressure, and composition, on the degradation and separation
efficiency of n-hexane. The system is equipped with three VOC
feed ports for adjusting volumetric flow rates, a mixing chamber,
a heater, a light source, a water source for humidification, and a
condensate chamber for collecting condensates. Complete VOC
removal was observed at low concentration (1–25 ppm) with low
energy cost. The inclusion of a membrane module in the reactor
significantly improved efficiency, even at low irradiance levels (≈3
W m−2), compared to a single plug-flow reactor.
Similarly, Li et al. have incorporated a supported liquid mem-

brane with photocatalysis in a batch reactor to degrade six differ-
ent VOCs, as shown in Figure 6b.[108] The equipment setup of
this PMR is almost the same as that of the APMR01 discussed in
Section 4, except for its sweep air and hot plate vaporization of
VOCs. A removal efficiency of 60–80% was observed after 10 h
of operation, and 25–55% of VOCs were mineralized at low con-
centrations of feed VOCs. This removal efficiency was enhanced
by incorporating photocatalytic operation with a stable and highly
activemembranemodule. Tsuru et al. have analyzed the degrada-
tion of methanol and ethanol on a modified TiO2-supported ce-
ramicmembrane in a cylindrical PMR, as shown in Figure 6c.[109]

The reactor served as one of the earliest PMRs for removing
VOCs from the air, with complete oxidation of methanol at con-
centrations up to 10 000 ppm. The arrangement resembled the
standard PMR setup with conventional instruments, including
a humidifier, a heater, and flow meters.
In another study, Su et al. developed a reactor with hierarchi-

cal nanostructured TiO2/PANmembranes for enhanced toluene
elimination.[110] Accordingly, the reactor with a TiO2/PAN mass
ratio of 4/1 demonstrated the highest efficiency for toluene con-
version at 97.4%. It has been established that the rate of toluene
conversion increases when the TiO2/PAN mass ratio increases.
Modesti et al. have developed PMR with various TiO2-based pho-
tocatalytic membranes for methanol oxidation,[81] where among
the developed TiO2-based membranes, the TiO2 nanofibers dis-
played better performance, with a conversion rate of ≈80%.
Hybrid photocatalytic membrane bioreactors (PMBRs) are

gaining more attention in the discipline due to their hybrid pho-
tocatalytic for VOC treatment.[111,112] Various MBRs have been
developed based on membrane bioreactors with Pseudomonas
putida, including polyvinylidene fluoride hollow fiber with Hy-
drogenophaga for improved VOC treatment. For instance, Wei
et al. have reported on N─TiO2/polypropylene (PP) PMBR for
the toluene oxidation process,[113] where this MBR successfully
removed toluene with an efficiency of ≈99% and an elimination
capacity of ≈550 g m−3 h−1 during an operational period of 500
days.
A continuous photocatalyst membrane biofilm reactor us-

ing a N─TiO2/PP membrane prepared via the sol–gel method
demonstrated high efficiency in toluene degradation, achieving
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Figure 6. a) Schematic diagram of PMRs for the degradation/treatment of methanol. Reproduced with permission.[107] Copyright 2021, Elsevier. b)
Schematic diagram of PMRs for the degradation/treatment of Toluene, acetone, chloroform, benzene, and xylene. Reproduced with permission.[108]

Copyright 2021, Elsevier. c) Schematic diagram of PMRs for the degradation/treatment of n-hexane. Reproduced with permission.[109] Copyright 2006,
Elsevier. d) Schematic diagram of PMRs for the degradation/treatment of NO. Reproduced with permission.[121] Copyright 2021, Elsevier. e) Schematic
diagram of PMRs for the degradation/treatment of NO with a hybrid bioassisted process. Reproduced with permission.[122] Copyright 2016, Elsevier. f)
Schematic diagram of PMRs for the degradation/treatment of NOx with photocatalyst-coated mixed matrix membrane arrangement. Reproduced with
permission.[123] Copyright 2022, American Chemical Society Publications.

nearly 99% removal under visible light at a concentration of
140 mg m−3.[114] Similarly, a batch Pyrex tubular reactor inte-
grating graphene─TiO2/PVDF nanofiber membranes prepared
through a solvothermalmethod and electrospinning successfully
degraded methanol and acetaldehyde under UV light, achieving
complete methanol degradation at a flow rate of 30 L min−1.[115]

The incorporation of graphene in the membrane structure facil-
itated improved electron transport, reducing charge recombina-
tion and enhancing photocatalytic efficiency.
Further, a cylindrical glass tubemembranemodule integrating

porous TiO2/𝛼-alumina (𝛼-Al2O3) membranes prepared via the
sol–gel process demonstrated enhancedmethanol degradation at

varying concentrations between 500 and 6000 ppmv under UV
light.[116] The inclusion of the membrane module increased the
rate constant, highlighting the advantages of membrane-assisted
photocatalytic oxidation.
A modified cylindrical glass tube membrane module in-

corporating Pt-modified porous TiO2/𝛼-Al2O3 membranes was
also explored, effectively degrading methanol and ethanol at
100 ppm under UV light irradiation and achieving 100% removal
efficiency.[109] Meanwhile, a rectangular reactor integrating TiO2-
based membranes, including titanium silicate (TS-1)/stainless
steel (SS) and hybrid silicate (Sil-1)/SS membranes, demon-
strated a 52% removal efficiency for trichloroethylene at 240
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ppmv.[117] This study highlighted the role of hybrid silicate ma-
terials in enhancing VOC degradation.
A Pyrex tubular batch reactor equipped with five mem-

brane modules using TiO2-based membranes, including TiO2
nanofibers, nanocomposite membranes, and multilayer mem-
branes, demonstrated varyingmethanol degradation efficiencies,
with Type 1 achieving 80%, Type 2 achieving 40%, and Type
3 reaching 100% removal.[81] Another study using a cylindri-
cal laboratory-scale water-jacketed Pyrex glass reactor integrated
TiO2/PP, WO3/PP, and TiO2/WO3/PP membranes for methane
degradation at concentrations between 10 and 1000 ppm. The
TiO2/WO3 blend exhibited the highest efficiency over a broad ir-
radiance range.[118] Additionally, a batch reactor using graphene
oxide (GO)/manganese oxide (MnOx)/polymeric carbon nitride
(CN) membranes efficiently removed formaldehyde, achieving
over 90% degradation within 12 min of irradiation at an opti-
mal catalyst loading ratio.[119] A quartz cylindrical reactor inte-
grating Pt/TiO2─ZnOmembranes demonstrated a 74% removal
efficiency for formaldehyde under UV–vis light in just 2 h.[120]

The research is summarized in Table 1 under VOC degradation
applications.

3.1.2. NOx Treatment

Nitrogen oxides, such as nitrogen oxide and dioxide (NO and
NO2), are considered significant pollutants as they are character-
istic harmful inorganic compounds that are produced primarily
due to fuel combustion from vehicles.[124,125] The transformation
and utilization of light energy to activate the photocatalytic con-
version of NOx under ambient settings has received considerable
attention within the literature.[126,127]

Recently, Liu et al. efficiently converted NO to nitrate ion
(NO3

−) in a reactor setup with PM (Si─TiO2 NR), as shown in
Figure 6d.[121] The arrangement was the same as APMR01, except
for a steam inlet instead of air, a separate mixer, and constant-
temperature water circulation for absorption. The incorporation
of a membrane module enhanced the overall efficiency (with re-
moval of ≈67% and separation of ≈57%) of this PMR compared
to individual PR systems.
Similarly, a schematic diagram of the PBMR using a Fe doping

TiO2/polysulfone (FeTiO2/PSF) hybrid membrane for the effi-
cient removal of NO is displayed in Figure 6e.[122] The primary in-
strument and operation of this PBMR are similar to the APMR01
operation, with a different hybrid bioreactor design and bacterial
nutrient tank and circulation. This integration ofmembrane pho-
tocatalysis with biodegradation achieved a removal efficiency of
≈86% for NO, with an elimination capacity of ≈160 gm−3 h−1.
Additionally, compared to wet catalytic membrane reactors, the
NO removal efficiency increased from 51.7% to 54.9%.
Photocatalytic cementitious materials in a membrane matrix

are considered emergent materials for NOx removal under am-
bient circumstances.[125] The research conducted by Pham et al.
introduced a novel Ag/ZnO heterojunction catalyst coated on a
polypropylene (PP) membrane, designed explicitly for the pho-
tocatalytic removal of NOx gas under visible light irradiation, as
illustrated in Figure 6f.[123] The incorporation of silver nanopar-
ticles (3 wt%) enhanced the photocatalytic efficiency of ZnO
through localized surface plasmon resonance, which promoted

the separation of electron–hole pairs and reduced their recom-
bination. The optimized Ag/ZnO/PP membrane demonstrated
a NO removal efficiency of 46.52% while keeping the formation
of NO2 at a low level. Stability tests indicated that the membrane
maintained 40.87% efficiency after six cycles. Although the reac-
tor system used in their study deviated slightly from the IUPAC
definition of PMR, it was included in the discussion due to the
similarity in the reaction and consecutive separation operations.
g-C3N4 and 2D graphite-like layered materials have garnered

substantial attention as nonmetallic, visible-light-responsive pho-
tocatalysts for NOx degradation applications, outperforming tra-
ditional catalysts. Wang et al. have developed a PMR with g-
C3N4 microtubes preparedwith an in situ soft-chemical approach
for the effective removal of NO.[128] Furthermore, surface N-
vacancies were utilized as explicit sites for the adsorption and
activation of NO, as well as for photoinduced electron capture,
thereby enhancing the light-absorbing capability of g-C3N4. In
addition, the porous wall-structured g-C3N4 microtubes facili-
tated reactant diffusion, with their tubular construction favoring
the transfer of charge carriers. Lim et al. have demonstrated a
hyper-cross-linked polymer with TiO2 nanoparticles toward NOx
treatment.[127] The capabilities and benefits of NOx treatment on
epoxy─TiO2 aggregates were explored, focusing on the pores and
coating of epoxy─TiO2 on both inner and outer surfaces.
In another study, Yang et al. prepared high-chemical and ther-

mal durability PCN-based photocatalytic materials for the effec-
tive removal of NOx.

[129] It was observed that the ambient tem-
perature, primary concentration of NO, and light intensity had a
positive impact on the removal of NOx. Zhao et al. have further
reported on concurrent SO2 and NO removal from flue gas at the
TiO2-based photocatalytic membrane under the UV irradiation
strategy.[125] Their results demonstrated that simultaneous desul-
furization and denitrification were conducted on a TiO2-based
photocatalytic membrane, delivering a NO removal efficiency of
≈50%.
A single-pass continuous flow reactor integrating nano-

TiO2/membrane filters (recycled fine glass without TiO2, RG-
T0 and RG with 2% TiO2, RG-T2) through physical spread-
ing achieved a NOx removal rate of 28 μmol m2 h−1 un-
der UV-A light at 1000 ± 50 ppb.[130] Another study em-
ployed a reactor designed according to International Organi-
zation for Standardization (ISO) Standard 22197-1, integrating
TiO2-coated architectural membranes (photocatalytic materials
(P1, P2) and control (C1)), which successfully removed NOx at
1000 ppb under UV-A irradiation, with a peak removal rate of
≈1 μmol h−1.[131]

A glass-made cylindrical reactor incorporating hollow porous
carbon nitride nanosphere coupled (HCNS)/rGO/carbonized
polymer nanofiber (CNCF)membranes prepared via electrospin-
ning achieved 64%NO removal under visible light at 600 ppb.[132]

Similarly, a batch photoreactor utilizing TiO2 nanoparticles em-
bedded in PVDF/PDMSmembranes demonstrated 100%NO re-
moval under UV light.[133] A self-designed stainless-steel batch
photoreactor using TiO2 membranes prepared via hydrother-
mal treatment effectively removed NO at varying concentrations
(628–1569mgm−3) under UV light, with a removal rate of 67% at
25 °C. Additionally, a stainless-steel reactor with a quartz window
utilizing Si─TiO2/Al2O3 membranes prepared via hydrother-
mal treatment demonstrated 100% NO conversion in 11 min
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Figure 7. Process and instrumentation diagram (P&ID) of model PMR test system.

under UV light, highlighting the rapid reaction kinetics of this
system.[134]

A rectangular stainless-steel reactor integrated with
Ag/ZnO/zinc/aluminum (ZnAL)-layered double hydroxide
(LDH) membranes demonstrated an enhanced NO removal
efficiency of 46.53% at a Ag loading of 3% under visible light.[135]

Another study employed a PMR utilizing MOFs such as UiO-66,
UiO-66─amino radical (NH2), Materials Institute Lavoisier
(MIL)-125, and MIL-125─NH2 and demonstrated 100% NOx
degradation under UV-A light, irrespective of catalyst loading
and initial NOx concentration.

[136] The research is summarized
in Table 1 under NOx treatment applications.

4. Model PMR Design

The theoretical model PMR (APMR01) design is focused on
subjective investigation and can be used to develop practical
test systems with basic equipment arrangements and layouts
(Figure 7). Additionally, this flow/equipment arrangement is flex-
ible and can be used to test the effect of various design param-
eters (relative humidity (RH), temperature/pressure, airspeed,
light intensity, and feed concentration) on the efficiency of PMR.

4.1. Operating Procedure

The process and instrumentation diagram (P&ID) for the model
PMR is shown in Figure 7. Furthermore, Table 2 presents the in-
strument and its applications for the PMR model. As the table
shows, model gas (MG) and air are separately input into the re-

actor zone, where the concentrations of MG and air are con-
trolled using mass flow controllers (MFM-01 and MFM-02, re-
spectively). The air is then subjected to a humidifier (THM-01)
for oxygen enrichment, and RH is controlled by the tempera-
ture of water/H2O2 and air inlet pressure. Dry air can be in-
putted to the reactor using bypass line 2. The reaction zone is
presented as a cubic box for ease of presentation but can possess
any shape (cylindrical, cubical, or rectangular) with desired di-
mensions,material (stainless steel, quartz, Pyrex, or glass),mem-
brane unit (PMM-01), and light source (L-01) arrangement.

4.2. Flow Passes and Configurations

Different flow arrangements can be used for both batch and
continuous operations, offering flexibility through various flow
passes. Accordingly, paths 7, 9, 10, and 11 are used to recycle gas
to the reaction chamber for extra flow, where two to three flow
configurations were mainly used in the research as best suited
for testing purposes.[109,116,117] In this design, two patterns are
applied, with the first path following pathways 7, 9, 10, and 12,
which can be used to analyze gases passed through PMM-01 with
or without photocatalysis (on/off L-01). The second configura-
tion follows along pathways 8, 9, 10, and 12, which can be im-
plemented to analyze gases in the reaction chamber without the
application of a membrane.

4.3. Safety

As harmful intermediates are formed during the reaction, the re-
action chamber should be placed in the fume hood at all times in
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Table 2. Instrument description for model PMR.

Instrument name (number) Application

Regulating instruments: fan (F-01), heater (HE-n), valves (VLV-n), mass flow
meters (MFM-n), n = numbers labeled

Regulating reactor parameters such as indoor air circulation, temperature, and flow

Sensors (S): temperature (TS-01), pressure (PS-01), relative humidity (HS-01),
anemometer (A-01)

Detection of values inside the reactor for each parameter

Indicators (I): TI-01, PI-n, wind speed (WSI-01), HI-01 Indication of parameter values

Controllers (C): TC-01, fan speed (FC-01), light switch (LC-01) Controlling components according to user set point

Pressure safety valve (PSV-01) Safety valve

Gas vacuum pump (SP-01) Regulating reactor pressure/ providing pressure gradient

Gas chromatography (GC-01) Detection of product components

Personal computer (PC-01) Master controller/recording, processing, and storing output values from different
instruments

Power switch (PWS-01) Providing power to every instrument

case of any leak or emergency opening of PSV-01 due to pres-
sure overload. Bypass lines equipped with fail-open (white) or
fail-close (black) valves can be used to ensure the system’s safety.
The design presented here is primarily based on theoretical com-
parative analysis from various studies that inform and are pre-
sented in this review. Thus, for safety and other design consider-
ations, it is recommended to follow guidelines established by the
ISO standards for photocatalytic air purification (NOx and VOCs)
with the addition of a membrane module.[143,144]

5. Current Challenges and Future Trends in PMR
Technology

Photocatalytic membrane technology represents novel solutions
to address numerous current environmental issues.[145] A syn-
ergistic strategy is implemented in PMR technology, where the
incorporation of photocatalysis and molecular separation with
membranes typically exceeds the procedural and practical limi-
tations of distinct practices.[144] However, PMRs have undergone
some significant challenges that have hindered their laboratory
and real-world applications.

5.1. Challenges in Laboratory-Scale PMRs

Although PMR design still provides reasonable fouling control,
fouling is one of themost prominent problems that hinders PMR
efficiency and thus deters PMR scale-up.[100,146] For the effective
operation of PMRs, it is essential to ensure that the degradation
rate of air pollutants exceeds their adsorption rate, thus prevent-
ing membrane fouling issues. The balance between competitive
adsorption and reactivity of gaseous reactants on the surface of
photocatalytic membranes is another characteristic that must be
optimized to mitigate fouling.[147] Fouling is primarily related to
the durability function of the membrane; therefore, membrane
durability in the PMR unit is an additional reason for being con-
servative, one that limits its hands-on usage. Moreover, forming a
cake layer on the surface remains a challenge. Degraded adsorp-
tion of pollutants and photocatalysts at the surface of the mem-
brane produces severe situations of entanglement and aperture

hindrance, leading to reduced overall effectiveness of the inner
layers.[67,100] This presents an opportunity to develop more novel
approaches to address the challenges of membrane fouling. Ad-
ditionally, large quantities of toxic solvents are used in the mem-
brane engineering process, raising concerns about health and en-
vironmental impacts. Also, harmful activated intermediates may
be produced if incomplete photocatalysis is performed in PMR.
PMR systems are facing a challenge from conventional reactor

units, whichmay bemore cost-effective and time-saving. Accord-
ingly, UV light operations and reactant/product pumping are the
primary sources of energy consumption, contributing to the over-
all operational cost. Hence, developing sunlight-driven photocat-
alytic materials and durable membranes with advanced selectiv-
ity and permeability may moderate this problem. The primary
point of discussion is the development of tailored photocatalytic
membranes and membrane modules with low costs, durability
in a wide range of operational settings, and high resistance to
membrane fouling, thereby demonstrating outstanding recycla-
bility and reproducibility.
Another challenge that researchers are currently facing in-

volves attaching the photocatalyst to the membrane module in
a coated membrane type to prevent photocatalytic leaching into
the product stream. The preparation method consists of devel-
oping an intermediate layer with surface modifications to effec-
tively attach the photocatalyst to the membrane surface.[31] More-
over, PMR operation in the gas phase can be complex and is un-
derrated when compared to the liquid phase in terms of degra-
dation efficiency.[148] Major environmental applications involve
gas-phase photocatalytic reactions and require reactive air species
to degrade pollutants. There is a lower amount of hydroxyl re-
active species in the air compared to water, which results in a
decline in cost degradation efficiency.[35,149] Hence, humidifica-
tion of the test feed is necessary to achieve better efficiency in
air treatment. Additionally, an optimized PMR design for large-
scale environmental applications is highly desirable, where this
can be achieved by optimizing design parameters such as the con-
centration and flow rate of reactants, photocatalyst loading, light
source intensity, relative humidity, temperature, mode of opera-
tion (number of flow passes), and other factors.[42,150]

Most current PMR studies have employed the utilization of
simulated air/gas feed as a contamination source as a practical
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gas contaminants sample with ideal/controlled conditions. The
primary factor that the source of practical gas samples comprises
numerous other gases, particulate matter, and other air pollu-
tants, which are relevant to real-life situations, should not be over-
looked, as they are likely to significantly influence the synergistic
progression of the PMR.[53,151] Moreover, the availability of PMRs
with substantial positive benefits on a broader scale is currently
restricted to laboratory settings, which cannot be replicated in an
engineering weighbridge.

5.1.1. Photocatalytic Radical Effects on Polymer Membranes

One of the critical concerns in PMRs is the potential degrada-
tion of polymer membranes due to the generation of highly re-
active radicals during photocatalytic reactions.[89] Hydroxyl rad-
icals (OH•) and superoxide anions (O2

−•), which are essential
for pollutant degradation, can also interact with polymeric mem-
brane materials, leading to structural damage, loss of mechani-
cal strength, and reducedmembrane lifespan. This is particularly
problematic for polymeric membranes such as PVDF, PES, and
PAN, which may undergo oxidative degradation upon prolonged
exposure to these radicals.[35]

Several strategies have been explored to prevent membrane
degradation while maintaining high photocatalytic efficiency.[38]

One common approach is applying protective coatings on the
membrane surface, such as thin oxide layers (SiO2, Al2O3, ZrO2)
or carbon-based coatings (graphene oxide, reduced graphene ox-
ide), which act as a physical barrier to prevent direct contact
between the polymer membrane and reactive species. Another
strategy is to modify photocatalysts to control radical generation.
Heterojunction photocatalysts and noble metal doping can help
regulate the reactivity of radicals, directing their action toward
pollutants rather than the membrane surface. Additionally, radi-
cal scavengers such as ascorbic acid or organic functional groups
can be introduced into the membranematrix to neutralize excess
radicals before they cause damage.
Recent studies have demonstrated that composite membranes

incorporating ceramic or carbon-based reinforcements exhibit
enhanced durability under photocatalytic conditions.[152] For in-
stance, the use of TiO2─PVDF hybrid membranes with an in-
termediate protective SiO2 layer has shown significant resistance
to radical-induced degradation.[153] Similarly, GO-modified PES
membranes have exhibited higher oxidative resistance due to the
protective function of graphene oxide, which prevents direct ex-
posure of the polymer surface to radicals.[154]

Future research should focus on developing self-healingmem-
branes that can repair minor oxidative damage autonomously
and optimize radical management strategies to ensure the long-
term viability of PMRs in real-world applications. By addressing
these concerns, the stability and durability of polymeric mem-
branes in PMRs can be significantly improved, making them
more suitable for large-scale air purification applications.

5.1.2. Challenges in Industrial-Scale PMRs

Despite the growing research in lab-scale photocatalytic tech-
nologies for air purification, large-scale studies on PMRs re-

main scarce. While numerous studies have explored photocat-
alytic reactors for air treatment, large-scale applications of PMRs
in this field are limited.[50,155] By contrast, large-scale PMRs have
been more commonly used in water and wastewater treatment,
where the operating conditions are more favorable for efficient
photocatalysis.[156]

One of the key technical challenges in air-based PMRs is the
limited generation of OH• radicals, which is crucial for photo-
catalytic oxidation.[4,157] In water treatment, an aqueous medium
provides a continuous source of water molecules, which act as
electron donors and sustain a high concentration of hydroxyl rad-
icals. By contrast, in air-phase systems, the absence of a liquid
phase significantly reduces OH• radical production, thereby lim-
iting degradation efficiency. While high humidity can enhance
OH• formation, maintaining an optimal humidity level in large-
scale industrial environments is challenging, as airflows, temper-
ature variations, and pressure changes make it difficult to sus-
tain consistent moisture levels. While laboratory settings allow
for controlled humidity, real-world industrial applications intro-
duce fluctuations that reduce efficiency.[158]

Another vital concern is inadequate UV activation in large-
scale setups. Photocatalysis relies on light activation, typically
in the UV-A range (≈365 nm) or visible spectrum for advanced
catalysts. However, in large-scale PMRs, ensuring uniform and
efficient UV light penetration across the membrane surface be-
comes problematic. Industrial reactors require high-poweredUV
lamps; however, light intensity decreases significantly with dis-
tance due to the inverse square law, resulting in uneven catalyst
activation in large systems. Additionally, UV sources in industrial
settings consume substantial energy, making operational costs a
significant concern.[159]

Beyond efficiency concerns, UV system safety is another sig-
nificant barrier to large-scale PMR adoption. UV safety measures
can be strictly controlled in laboratory environments through the
use of shielding, enclosures, and automated shutoff systems.[160]

However, in industrial-scale settings, exposure to high-intensity
UV radiation poses potential health risks to workers, including
eye damage and skin burns. Large-scale PMR systems would re-
quire specialized UV shielding, safety training, and operational
protocols, further increasing costs and complexity. The potential
safety hazards make industries hesitant to adopt PMR-based air
treatment over safer, more conventional alternatives such as elec-
trostatic precipitators or activated carbon filtration.[161]

Furthermore, mass transfer limitations present another bar-
rier to large-scale implementation. In water treatment, pollutants
are in direct contact with the photocatalyst due to high solubility
and diffusion rates, facilitating effective degradation. However,
in air-phase reactions, gas-phase pollutants have lower diffusivity
and solubility, leading to reduced interaction with the photocat-
alytic membrane surface. Ensuring sufficient residence time and
contact between air pollutants and the catalyst becomes increas-
ingly difficult at larger scales, requiring complex reactor designs
to enhance turbulence and adsorption—further increasing costs
and engineering challenges.[162]

Membrane fouling and long-term stability are also signifi-
cant concerns. Backwashing, chemical cleaning, and cross-flow
filtration in water treatment help mitigate fouling, extending
the membrane’s lifespan. In air purification, however, dry-phase
fouling, caused by dust, soot, and organic films, as well as
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Figure 8. Progress in PMR technology development.

catalyst deactivation, leads to performance degradation over
time.[163] Industrial air environments are often harsh and char-
acterized by high concentrations of particulate matter, corrosive
gases, and fluctuating conditions, all of which contribute to accel-
erated membrane degradation. Traditional photocatalysts, such
as TiO2, can suffer from deactivation due to surface contamina-
tion, necessitating frequent regeneration or replacement, which
increases maintenance costs and limits long-term feasibility.[54]

Finally, the cost-effectiveness of PMRs in large-scale air treat-
ment remains a significant challenge. Compared to conventional
air purification methods such as activated carbon filtration, elec-
trostatic precipitators, and biofilters, PMRs require substantial
initial investment, high operational energy costs (due to UV ac-
tivation), and ongoing maintenance.[164] By contrast, PMRs in
water treatment are more cost-efficient because the liquid phase
enhances photocatalytic activity, reaction kinetics are faster, and
pollutant concentrations are higher, making the technologymore
economically viable.[165]

As a result, while PMRs have shown great potential in water
and wastewater treatment, their widespread adoption in large-
scale air purification remains limited due to technical barriers
related to hydroxyl radical generation, UV activation challenges,
safety concerns, mass transfer inefficiencies, membrane fouling,
long-term stability issues, and high operational costs. Address-
ing these challenges will require significant advancements in cat-
alyst design, reactor engineering, energy-efficient UV systems,
and enhanced safety protocols before PMRs can become viable
for industrial-scale air treatment applications.[165,166]

The current progress and future prospects of PMR technol-
ogy are presented in an overview in Figure 8. Due to the in-
creasingly severe energy crisis and environmental pollution chal-
lenges, novel designs for enhancing the sustainability of photo-
catalytic membrane technology and promoting green transfor-
mation in this field of engineering are imperative.[167] Significant
developments have occurred in the sculpting and imitation of
PMR, expanding activity and durability through the appropriate
design of the reactor, operational settings, and systematic study
of their structural and functional relationships.[168] Thus, addi-
tional research effort in this field is essential, set at a pilot level,
with practical air trials for pavement, a tactic to scale-up PMR sys-
tems. For example, the feasible adoption of membrane-derived
photocatalysis, integrated with other novel techniques such as

biodegradation and plasma, offers a new strategy for air pollution
control.[26,169] Likewise, computer-aided strategies such as com-
putational fluid dynamics can be applied to the study and devel-
opment of PMR designs to simulate fluid flows and analyze reac-
tant characteristics within a system, enhancing the improvement
process. Additionally, advanced strategies are required to develop
visible light photoactive materials with modified properties and
effective nanoscale irregularity, which are crucial in designing
flexible and robust photocatalysts/membranes for use in PMR
systems. Therefore, it is essential to develop key components
to enhance novel membranes and nanostructured photocatalysts
that can overcome the aforementioned challenges. These chal-
lenges include the need for high resilience and long-term stabil-
ity to withstand physical and chemical stresses.
Furthermore, to make PMR technology practically viable, in-

tricate work is required to prepare novel hybrid PMs, model and
simulate reactant and product distributions, and design PMR re-
action zones that incorporate real-life conditions. This domain
has considerable untapped potential toward developing a de-
pendable and economically feasible system for controlling air
pollution.
Moreover, future research should focus on developing next-

generation photocatalysts with improved stability, reusability, and
visible-light activity. Innovations in PMmaterials with enhanced
photocatalyst integration, durability, and self-cleaning properties
will further improve efficiency. Optimizing PMR reactor designs
to maximize pollutant contact, minimize fouling, and improve
energy efficiency will be crucial in making these systems more
viable for real-world applications. Additionally, exploring scalable
fabrication techniques for cost-effective large-scale production of
PMRs will be essential in transitioning these technologies from
laboratory studies to industrial applications. By addressing these
challenges, PMRs can become a commercially viable solution for
sustainable air and water purification.

6. Conclusion

Recent advancements and critical analysis of PMR in gas-phase
air pollution control, including VOC degradation and NOx treat-
ment, are highlighted in this review. PMR is a promising technol-
ogy for air treatment, in which membrane-based photocatalytic
architectures enable the synergistic effect of both reaction and
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separation in a single step, resulting in enhanced degradation ef-
ficiency due to improved charge-transport properties in the pho-
tocatalytic reaction step. Additionally, the spatial incorporation
of membrane-bound components/materials reduces the effect of
charge recombination, which is crucial in determining the quan-
tum efficiency of ionic and electronic transport processes in pho-
tocatalytic membrane systems. The integration strategies estab-
lished in PMR development more broadly reveal new approaches
for controlling membrane fouling, the activity of photocatalysts,
gas selectivity, and the rejection rate of themembrane. Themodel
design of PMR is presented based on numerous theoretical stud-
ies with detailed instrumentation, operation, and safety features.
Current challenges in PMR systems, such as photocatalyst deac-
tivation, membrane fouling, and a decline in photocatalytic ef-
ficiency, are also analyzed. Furthermore, brief descriptions are
provided of outlooks on upcoming research and development op-
portunities for state-of-the-art PMR technology.
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