
RSC Advances

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/2
1/

20
26

 6
:4

5:
25

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Algal-based mem
aDepartment of Chemistry, College of Scien

University (IMSIU), Riyadh, Kingdom of Sau
bDepartment of Climate Change, MNS-Uni

E-mail: zeeshan.ali@mnsuam.edu.pk
cInstitute of Chemical Sciences, Bahauddin
dLaboratory of Water, Research, and Envir

Abdelmalek Essaadi University, Tetouan, M
eDepartment of Biology, College of Scienc

University (IMSIU), Riyadh, Kingdom of Sau
fDepartment of Agricultural Engineering

Pakistan

Cite this: RSC Adv., 2025, 15, 49030

Received 21st October 2025
Accepted 19th November 2025

DOI: 10.1039/d5ra08065g

rsc.li/rsc-advances

49030 | RSC Adv., 2025, 15, 49030
brane bioreactors: a sustainable
Frontier for removing emerging pollutants from
wastewater

Nadeem Raza,a Zeeshan Ali, *b Suryyia Manzoor,c Abdelmonaim Azzouz,d

Khalid Aziz,c Sarfaraz Hashim,f Mohamed Khairy,a Mohamed E. Salema

and Anis Ahmad Chaudharye

Algal-based membrane bioreactors (AMBRs) have gained attention due to the increasing need for

sustainable wastewater treatment methods. These reactors use membrane filtration and algal–bacterial

activities to remove pollutants and recover biomass at the same time. This review provides a critical

overview of the latest progress in AMBR systems regarding their configuration, membrane materials,

pollutant removal mechanisms, and operation performance. Special emphasis has been laid on the

chemical and biochemical mechanisms of nutrient and emerging pollutants (EPs) removal, involving

adsorption, biodegradation, and photo-oxidative transformation in the algal–bacterial consortia. Further

discussion covers the roles of membrane chemistry, surface modification, and fouling behavior

concerning physicochemical interactions between EPs, algal metabolites, and membrane surfaces.

Comparison data relying on removal efficiencies among different types of AMBR will be analyzed for

highlighting the effect of algal strain, reactor design, and operating parameters. Moreover, emerging

anti-fouling strategies, economic considerations, and perspectives on biomass valorization is

summarized. Contrasting to most of the earlier reviews, this contribution provides a chemistry-oriented

synthesis that links material properties to bioprocess mechanisms and reactor performance and may

guide future research and optimization of AMBR technology for sustainable wastewater management.
1. Introduction

The rapid and uncontrolled expansion of the global population
has led to substantial industrial growth to meet the daily life
demands. Consequently, large-scale industrialization not only
generates millions of tons of hazardous pollutants, posing
serious environmental threats but also requires vast amounts of
clean water for power generation and the production of various
everyday products.1 According to reports from the European
Investment Bank, approximately 3.8 × 105 billion liters of
municipal wastewater are generated globally, with projections
indicating an increase of 24% by 2030 and 51% by 2050.2

Notably, about 48% of the total wastewater produced globally is
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discharged into different environmental compartments without
adequate treatment.3 Therefore, keeping in mind the presently
available data of water resources worldwide, it is critical to
adopt innovative methods and approaches for improving water
cycle management in both public and industrial sectors.4

Furthermore, to fully recognize the value of water, sustainable
strategies must be integrated throughout the entire water cycle.
Additionally, wastewater recovery should be regarded as a valu-
able resource, and the deployment of advanced technologies is
essential to facilitate its effective reuse.5

All the approaches deployed for the removal of pollutants
such as pharmaceuticals, soap, oils, food, human waste, heavy
metals, insecticides, and organic solvents contained in waste-
water can be grouped into four main classes including: (a)
physical (ltration, aeration, and sedimentation), chemical
(advanced oxidation, adsorption, coagulation, ion exchange,
and photocatalysis), mechanical (ceramic membrane tech-
nology and sand lter technology), and biological (aerobic,
anaerobic, and composting).6 Among several wastewater treat-
ment technologies, algal-based membrane bioreactors (AMBRs)
represent an emerging and integrative option that merges bio-
logical and physical processes, thus offering improved effluent
quality and resource recovery.7 In the last two decades, AMBRs
have gained signicant attention due to their ability to sustain
© 2025 The Author(s). Published by the Royal Society of Chemistry
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high biomass concentration, achieve effective solids retention,
and operate under relatively simple system congurations while
yielding consistent effluent quality from municipal and indus-
trial wastewaters.8 Resultantly, AMBRs are now recognized as an
advanced wastewater treatment technology owing to their
multiple advantages, including high decontamination effi-
ciency, resistance to high organic loading, effective separation
of inorganic and organic pollutants, low sludge production rate
associated with extended sludge retention time (SRT) and
minimized hydraulic retention time (HRT).9,10 A longer SRT
facilitates the development of slowly growing bacteria
beneting the enhanced degradation of nitrogen-based species.
Despite these advantages, AMBRs are not without limitations,
particularly in terms of high operating and capital costs,
membrane fouling, and signicant energy demands.11 There-
fore, for the successful commercial applications of AMBRs, it is
essential to address these challenges to enhance their overall
performance.

A typical AMBR system consists of two main components: (a)
biological processes unit, where microorganisms degrade
matter present in wastewater, and (b) membrane ltration unit,
such as micro-ltration or ultra-ltration, which removes solids
and microorganisms suspended in treated wastewater. Notably,
biomass degradation occurs within the bioreactor tank,
while the purication of treated water; removing microorgan-
isms and suspended particles takes place in the membrane
module. As a result, AMBR systems produce highly treated
effluent that can either be safely discharged into the environ-
ment or reused for various applications.12 In this review, “algal-
based membrane bioreactors” refer specically to the systems
that integrate membrane separation with algal or algal–bacte-
rial processes for wastewater treatment. Conventional photo-
bioreactors (PBRs) without membrane coupling are discussed
only where their ndings help explain algal metabolic
behavior or pollutant removal mechanisms relevant to AMBR
operation.

The objective of this review article is to evaluate the chem-
istry and performance of membrane materials, reactor and
membrane-algae technological congurations, mechanistic
pathways governing removal of emerging pollutants. Different
components and working principles of AMBRs. The potential of
AMBRs in the elimination of commonly occurring emerging
pollutants (EPs) including pharmaceuticals, insecticides,
personal care products, heavy metal ions, and nutrients in
aqueous environments are discussed. Different components,
and working principles of AMBRs are discussed. Various types
of AMBRs, including photobioreactors (PBRs), microalgal-
activated sludge membrane bioreactors (MAS-MBR), moving
bed biolm reactor membrane bioreactors (MBBR-MBR), and
submerged membrane bioreactors (SMBRs) are also discussed.
The performance of AMBRs is examined in relation to several
key parameters, including light intensity, pH, temperature,
algal biomass, mechanical aeration, HRT, SRT, inhibitory
chemicals, algal–bacterial consortia, and reactor architecture.
Finally, the potential limitations and future challenges of this
technique are elucidated comprehensively.
© 2025 The Author(s). Published by the Royal Society of Chemistry
2. Techniques utilized for wastewater
treatment

Various approaches are used to remove pollutants, including
pharmaceuticals, soap/detergents, oils, food waste, human
waste, heavy metal ions, dyes, insecticides/pesticides, and
organic solvents in wastewater. These methods can be catego-
rized into four main classes: physical (ltration, aeration, and
sedimentation), chemical (advanced oxidation, adsorption,
coagulation, ion exchange, and photocatalysis), mechanical
(ceramic membrane technology and sand ltration), and bio-
logical (aerobic, anaerobic, and composting processes).13,14 To
focus the discussion on wastewater treatment using algal
membrane reactors, phycoremediation and phytoremediation
approaches will be discussed.

Phycoremediation involves algae including microalgae,
macroalgae, and cyanobacteria, to remove pollutants and
nutrients fromwastewater and other aquatic environments.15 As
phycoremediation lowers the overhead costs involved with
nutrient delivery, it may be a more affordable method for
removing emerging pollutants from wastewater and has gained
popularity as the best method for eliminating emerging
pollutants from wastewater in recent years.16

Algae, photosynthetic microorganisms that can be unicel-
lular or multicellular, have gained tremendous focus for their
role in sustainable wastewater treatment. Further, their capacity
to eliminate nutrients (i.e., phosphorus and nitrogen) via bio-
logical processes including assimilation and adsorption has
made them valuable for wastewater treatment. Additionally,
algae can eliminate organic and inorganic toxins via several
mechanistic process such as bioaccumulation and bi-
osorption.17 They have also been demonstrated to be highly
effective in the elimination of heavy metal ions, emerging
organic pollutants, and pathogens from wastewater.18,19 The
presence of polysaccharides in algae, which can absorb micro-
pollutants, makes them superior to bacteria and fungi for
bioremediation.20 Algal polysaccharides, especially alginate and
cellulose, enhance the attachment and disposal of numerous
harmful substances, particularly heavy metals and organic
contaminants, via biosorption methods that are affected by
their distinct cell wall architectures.21

Macroalgae used in phycoremediation are also effective in
removing heavy metal ions and chemical dyes from different
segments of aquatic system. However, unlike macroalgae,
unicellular organisms such as microalgae exhibit signicantly
faster growth rates and greater resistance to harsh environ-
mental conditions, including high temperatures, salinity, and
nutrient stress.22 They also demonstrate strong resistance to EPs
such as pharmaceutical drugs, organic solvents, dyes, pesti-
cides, and heavy metal ions.23 Moreover, most microalgae can
grow heterotrophically, mixotrophically, or autotrophically.24

Their unique genetic, enzymatic, and chemical variety, which
differentiates them from plants, fungi, and mammals, further
enhances their phycoremediation potential. The removal of EPs
through phytoremediation involves multiple processes,
including (a) biosorption, (b) bio-uptake, (c) bioaccumulation,
RSC Adv., 2025, 15, 49030–49062 | 49031
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Fig. 1 Schematic illustration of the mechanism of emerging pollutant removal by microalgae, reproduced from ref. 28 with permission from
Elsevier, Chemosphere, vol. 238, p. 124680, Copyright 2020.
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(d) biodegradation, and (e) photo-deterioration as summarized
in Fig. 1.25–28 These biological processes/approaches, used to
remove EPs, are unique and effective. However, deployment of
a specic approach requires a distinct biological agent or
mechanism to reduce environmental pollution, which contrib-
utes to long-term cleanup solutions.29 For example, biosorption
is the passive absorption of EPs by biological organisms like
algae and fungi via processes such as ion transfer, adsorption,
and complexity, resulting in the elimination of heavy metals
and organic pollutants from water. Bio-uptake is the continual
transport of EPs into living things, in which they can be pro-
cessed or stored, hence lowering the amount of pollutants in
the surroundings.30 In bioaccumulation algae absorb and
accumulate contaminants from their surroundings gradually,
resulting in larger intrinsic levels compared to those in the
medium around them, which can endanger the food system
chain. Further, biodegradation is more benecial as it involves
disintegration of EPs into simpler, harmless molecules, which
frequently results in full mineralization to carbon dioxide and
water, therefore recovering the integrity of the environment. In
case of photo-deterioration, the decomposition of harmful
substances is accomplished by photochemical processes
promoted by sunshine, which results in the decomposition of
more complicated organic molecules into simpler and less
hazardous chemicals. Though these processes are successful in
removing pollutants, there are still obstacles in optimizing their
effectiveness and exibility for commercial applications in
environmental restoration.31

In addition to phycoremediation using algae for water
detoxication, extensive research has explored the use of
49032 | RSC Adv., 2025, 15, 49030–49062
seaweeds for wastewater treatment through phytoremediation
approaches.32,33 However, seaweeds have limited applications
due to their specic culture requirements, such as salinity, low
temperature, and pH tolerance, which pose challenges for
researchers.34 Furthermore, their relatively slow growth rate and
the need for abundant and sustainable biomass supplies
further constrain their widespread use.35

Phytoremediation and phycoremediation are recognized as
two environmentally benign procedures for disinfecting zones
of contamination, however they use distinct biological
substances. Phytoremediation uses larger plants to collect,
settle, or disintegrate contaminants from soil and water
through methods including phytoextraction, rhizoltration,
and phyto stabilization. Phytoremediation is very successful for
a wide range of harmful substances, comprising heavy metals
and organic substances, and it is nancially feasible due to its
capacity to harvest and use the biomass generated.36 In contrast,
phycoremediation uses algae to absorb and collect heavy metals
and micronutrients from waterways, effectively decreasing
pollution levels. Algae's fast growth and production of biomass
enable the development of alternative sources of energy,
enabling phycoremediation a multipurpose technique.
Conclusively, both approaches are potential options for long-
term environmental restoration, but they employ different
biological processes and thus differ in applications.

While phytoremediation and phycoremediation can provide
major advantages, there are still hurdles to improve their effi-
ciency and scalability. For example, the performance of these
approaches can be enhanced by considering environmental
circumstances and the types of contaminants present,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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encouraging further studies and improvement to enhance their
practical applicability.12
3. Working mechanism of algal based
membrane bioreactors

The growing need for plentiful supply of pure water worldwide
and the shortcomings of conventional treatment techniques
have made AMBRs an appealing option for the elimination of
emerging contaminants (ECs) from water. Historically, the use
of algae in treating wastewater has been identied for durability
and effectiveness, especially for tackling contaminants such as
pharmaceuticals and personal care products, which traditional
approaches frequently struggle to eliminate.37 AMBRs take
advantage of algae's distinctive characteristics, integrating
biological decomposition and physical ltering to increase
absorption of pollutants and biomass yield. With the passage of
time, AMBRs technology has received signicant advancements
in terms of modications in conguration and operational
variables targeted at enhancing efficiency and reducing
fouling.38

In a standard AMBR system, a membrane separation unit is
integrated with biological treatment involving bacteria that
need oxygen and dissolved organic carbon for growth. A
membrane separates microbial biomass from the effluent while
ltering out bacteria and suspended particles. Although
conventional MBRs effectively remove organic carbon from
wastewater, but they struggle to eliminate nitrogen and phos-
phorus.16 To address this limitation, a new generation of AMBR
is being developed to enhance nutrient removal through effec-
tive reduction in total suspended solid, biological oxygen
demand (BOD), and chemical oxygen demand (COD).39,40

The biological treatment process in AMBRs begins with the
utilization of algae.31 As photosynthetic organisms, algae use
light energy to absorb nutrients and organic substances from
wastewater.41 Through photosynthesis, algae generate oxygen,
which can help keep the environment aerobic and speed up the
decomposition of organic materials.42 Additionally, phycor-
emediation of wastewater can be beneted with several key
advantages in terms of enhanced removal efficiencies, minimal
energy usage, and biomass generation essentially required for
fertilizers and/or for biogas generation.43 The second phase in
AMBRs operation is the usage of membranes for physical sepa-
ration. These membranes retain biomass inside the system thus
improving the removal efficiency of contaminants from water.
Further, membranes are capable to stop the release of surplus
biomass into the ecosystemwhich can lead to eutrophication and
several other allied environmental issues.44 Furthermore, the
usage of algae can improve the efficiency with which pollutants
are removed, while the deployment of membranes can lower the
environmental imprint of standard treatment techniques.45

In AMBRs, nutrient removal occurs through absorption and
chemical precipitation of nitrogen and phosphorus by algae.
Additionally, algae can produce persistent chemical phosphates
by forced occulation operations, in which algal cells aggregate
into bigger akes for smooth sedimentation. This method is
© 2025 The Author(s). Published by the Royal Society of Chemistry
mostly helped by the presence of occulants, such as ferric
chloride or calcium phosphate, that bind to algal cells and
extrinsic organic matter, increasing their interaction and
bonding, thereby encouraging oc development.46

Unlike conventional treatment methods, algal-based reme-
diation does not require additional chemicals, as phosphorus
can be recovered as a valued byproduct from algae biomass.
Consequently, algae-induced phosphorus precipitation is
considered an eco-friendly technique suitable for phosphorus
recovery from aqueous environments. Beyond wastewater
detoxication, AMBRs also provide an alternative source of
biomass for biofuels, fertilizers, and other valuable
applications.47

It is also worth noting that phycoremediation is not a new
concept, as it is naturally occurring in ecosystems such as lakes
and wetlands for decades, helping to maintain ecological
balance. However, the integration of algae into AMBRs for
wastewater detoxication is a relatively recent advancement.44
3.1. Components of an algal based membrane bioreactor

The components of an AMBRmay vary depending on its specic
design and functional requirements. However, a typical AMBR
consists of the following major components, as depicted in
Fig. 2.

(1) Light source: this could be either natural sunlight or
articial lighting, such as LED lights.48 In algae bioreactors,
light is essential for photosynthesis and optimal algae growth.

(2) Culture vessel: this is the container where algae grow,
which can be made of various materials, including metal, glass,
or plastic. Culture vessels come in different shapes, such as
tubes, tanks, or bags.49

(3) Mixing and aeration system: a well-designed system for
mixing and aerating the algae culture is crucial to avoid strati-
cation and to provide oxygen for algae growth.50

(4) Nutrient delivery system: this mechanism supplies
essential nutrients, such as fertilizer or wastewater, to support
algae growth.51

(5) Filtration system: a centrifuge or ltration system is used
to separate and collect algae from the culture.52 A crucial
component of AMBRs is themembrane, which acts as a physical
barrier to stop bacteria and algal biomass from entering the
water, thereby ensuring high-quality effluent. The assortment of
a well-suited membrane is essential for impactful performance
of AMBRs. An effective membrane should be resistive towards
challenging wastewater treatment environments, such as
fouling, scaling, and chemical attack. To this end, membranes
exhibiting small pore size are more appropriate, as they can
efficiently retain algae biomass and bacteria while permitting
the clean water to pass.53

Nowadays, membranes of various composition, such as
polymeric, ceramic, and composite membranes, are commonly
utilized in AMBRs. Among these, polymeric membranes are
extensively deployed owing to their cost-effectiveness, high
elasticity, and comfort in regeneration.54 In contrast, ceramic
membranes are resistant to chemical deterioration and have
strong mechanical strength and lifespan and they demonstrate
RSC Adv., 2025, 15, 49030–49062 | 49033
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Fig. 2 A systematic diagram of algal based membrane bioreactors, reproduced from ref. 44, with permission from Elsevier, Chemosphere, vol.
336, p. 139291, Copyright 2023.
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exceptional stability.55 Likewise, composite membranes, which
are composed of diverse materials, offer a number of advan-
tages over single-component membranes, including improved
permeability and resistance to fouling. However, their extensive
exploitation is limited by the complexity of their manufacturing
process and the high costs associated with it.56 It is well estab-
lished that the pore size of the of AMBRs determines the nature
of ltration from micro to nanoltration and controls the
quality of treated water (Fig. 3).

Monitoring and control system: this system includes sensors
and controllers that track and regulate key parameters such as
Fig. 3 Classification of membrane processes based on pore size and rem
4.0 International License.57

49034 | RSC Adv., 2025, 15, 49030–49062
pH, light intensity, temperature, and other factors crucial for
algal growth.58

(6) Power and control systems: these comprise electrical and
electronic components that supply power to bioreactor and its
control systems.59

3.2. Types of AMBRs

3.2.1. Selection of algal biomass
3.2.1.1. Algal–bacterial symbiosis based AMBRs. In such

bioreactors, microalgae and bacteria cohabit and interact in
a conned and regulated environment. Through
oval criteria, reproduced under a Creative Commons CC BY Attribution

© 2025 The Author(s). Published by the Royal Society of Chemistry
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photosynthesis, sunlight and CO2 are absorbed by microalgae
which generate organic matter and oxygen essentially required
for bacterial growth.60 In return, bacteria facilitate the break-
down of organic matter and aid in the removal of nutrients and
other pollutants from water.61 Notably, the membrane ltering
process lters bacteria and suspended materials from being
released, resulting in high-quality effluent. AMBRs have
demonstrated signicant promise for pollutants removal from
wastewater along with biomass and energy as byproducts.21 In
natural ecosystems, bacteria commonly co-assist algae in
wastewater detoxication activities.62 However, investigating
algal–bacterial interactions is challenging as algae and bacteria
are inherently bonded to one another. Relative to an algal–
bacterial system, solo algae systems have a relatively poor
removal efficiencies in wastewater treatment. AMBRs may take
full credit for the relationship between bacteria and algae and
advantages of algal–bacterial symbiosis and membrane
ltration.63

Because of their excellent nutrient removal efficiency, algae-
activated sludge systems particularly those incorporating
Chlorella strains—have received a lot of interest in recent
years.64 Studies have reported that nutrient removal efficiency,
exceeding 90% for ammonium and COD removal, is attributed
to the symbiotic relationship between algae and bacteria
cells.65,66 Furthermore, compared to activated sludge alone,
algae–bacteria biomass demonstrated superior nitrogen
absorption capabilities, whereas biomass containing only
bacteria has demonstrated lower removal efficiencies relative to
algae–bacteria biomass.67,68

3.2.1.2. Mixed algae AMBRs. Mixed algae strains can be
employed to improve wastewater treatment and biofuel gener-
ation.60,69 For instance, Radmehr et al. evaluated the impact of
monospecic andmixed-algae culture on the efficiency of algae-
sludge-MBRs using two microalgae strains (Chlamydomonas
and Selenastrum) and their combination inserted into
conventional-membrane-bioreactors (CMBRs).70 The mixed-
algae membrane bioreactor performed best in terms of
nutrient removal, chlorophyll-a content, and membrane
fouling. The ndings suggested that the bacterial communities
contained in algae-MBRs and CMBR were altered, indicating
that inoculation of algal strains would selectively favor
members of bacterial strains that collaborated with algae
strains. These interactions might be caused by bacteria and
algae assisting each other's photoautotrophic and heterotro-
phic metabolisms via exchanges of oxygen, carbon dioxide, and
other chemicals or vitamins (e.g., thiamine, B12, biotin, etc.).

It is well acknowledged that the structure of the biomass
microbial communities and diversied populations are closely
connected to the performance of MBRs. Mixing specic algae
strains in a single MBR not only reduces the possible toxic
effects of high single-algae enrichment on bacterial community
but also yields greater variety of microorganisms than single-
algae inoculation. Algal mixed culture has also been used in
membrane photobioreactors to attain sufficient treatment effi-
ciency for N and P, as well as biomass productivity.71

3.2.2. Design and mechanism of algal membrane
bioreactors
© 2025 The Author(s). Published by the Royal Society of Chemistry
3.2.2.1. Photobioreactors. Photobioreactors are closed
systems where phototrophs are cultured while preventing direct
material interaction between the cells and the environment.72

They effectively address a number of issues associated with
open pond system, including heavy metal accumulation,
microbial and insects pollution, and air pollution.73 Compared
to open pond systems, photobioreactors are more compact and
more space-efficient.74 They also offer precisely controlled
conditions for the growth of microalgae and lower the risk of
contamination by keeping an axenic algal culture.75 Higher
biomass output per unit substrate and improved metabolic
efficiency can be achieved in the regulated growing environ-
ment. However, photobioreactors face a number of design
challenges due to their extremely limited practical applications
and lack of economic viability from an industrial standpoint.76

Photobioreactor systems involve high initial and operational
costs and specically designed for fermentation under either
solar light or articial light, although articial lighting
demands substantial electricity, making it expensive.77 Conse-
quently, outdoor photobioreactors are oen preferred owing to
their capacity to absorb solar radiations. Photobioreactors can
be built out of glass or transparent plastic, and their light
receiving structures are usually made up of a variety of tubes or
at panels, oen known as solar receivers.78 Sustaining suffi-
cient penetration of sunlight is crucial for the effective and
continued fermentation process. Generally, photobioreactors
run continuously at a temperature between 25 and 40 °C.
Different geometries and congurations of photobioreactors
(Fig. 4a–d) have been employed for diverse applications.79–81

These geometries may include: (a) continuous stirred tank
bioreactors, (b) airli bioreactors, (c) packed bed bioreactors,
(d) uidized bed bioreactors, (e) bubble column bioreactors, (f)
tubular with different designs (horizontal, fence, and helical),
and (g) vertical at panel.

Among these congurations, large-scale tubular photo-
bioreactors (Fig. 4(c and d)) have been extensively employed in
Germany and Israel for large scale production of Haematococcus
and Chlorella species.82 Stirred tank photobioreactors (STPs) are
more common owing to their simple design and are highly
appropriate for shear sensitive microalgae cultivation as shown
in Fig. 5.83 These systems are comprised of a glass tank
continuously stirred by impellers or baffles, with CO2-enriched
air bubbled into the system to deliver a carbon source for algae
growth.84,85 Despite their simpler designs, STPs have certain
drawbacks, including a low surface area/volume ratio limiting
their light-harvesting capabilities.86 Efforts to improve STPs by
incorporating microalgal–bacterial consortia have been re-
ported. For example, an STP containing such a consortium
achieved 95% removal efficiency of p-aminophenol with a HRT
of 4 days.87 In another case, the use of STPs containing Chae-
toceros muelleri resulted in relatively low removal efficiencies
(33.1–36.5%) for pharmaceuticals such as carbamazepine, sul-
famethazine, and tramadol.84

Photobioreactors have also been extensively employed for
the removal of EPs in water treatment processes.88,89 For
instance, nitrogen and phosphorous ions were eliminated from
RSC Adv., 2025, 15, 49030–49062 | 49035
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Fig. 4 (a) Experimental setup of a typical MPBR reproduced under a Creative Commons CC BY Attribution 4.0 International License,79 (b)
schematic illustration of bubble column equipped with an air bubble source at the bottom of PBR reproduced from ref. 81 with permission from
Elsevier, Bioresource Technology, vol. 163, p. 228, Copyright 2014, (c) full-scale hybrid tubular horizontal photobioreactor (HTH-PBR) at full
capacity, and (d) flow sheet and sketch of different parts of the full-scale HTH-PBR reproduced from ref. 80 with permission from Elsevier,
Biosystems Engineering, vol. 166, p. 138, Copyright 2018.
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synthetic wastewater at original concentrations of 50 and
10mg L−1, respectively, using a photobioreactor operated under
optimized experimental conditions of 25 °C and 8.8 pH.90 A co-
Fig. 5 Schematic and working principle of a typical aerobic continuously
Attribution 3.0 International License.83

49036 | RSC Adv., 2025, 15, 49030–49062
culture system containing the photosynthetic microalgae
Chlorella vulgaris and the aerobic heterotrophic bacterium
Pseudomonas putida achieved 80% removal efficiency of
stirred tank bioreactor reproduced under a Creative Commons CC BY

© 2025 The Author(s). Published by the Royal Society of Chemistry
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aforementioned ions in synthetic waste water system. In
another study, a photobioreactor achieved approximately 70%
removal efficiency of pharmaceutical pollutants from synthetic
waste water with initial concentration of 0.332 mg L−1 at 8.1
pH.84

3.2.2.2. Microalgal-activated sludge membrane bioreactor
MAS-MBR. The microalgal-activated sludge membrane biore-
actor (MAS-MBR) is a wastewater treatment system that
combines microalgae and activated sludge within a membrane
bioreactor, representing a promising new approach for munic-
ipal wastewater purication.91 MAS-MBR uses a membrane to
lter out impurities, producing clean and reusable water for
various applications such as domestic to industrial. A detailed
representation of MAS-MBR is given in Fig. 6. Conventionally
operated activated sludge biological treatment units have
shown limited effectiveness (a signicant concern since their
implementation) in removing various ions, metals, and pesti-
cides.92 Therefore, there is an urgent need to investigate the
performance of MAS-MBR, either as a post-treatment process
following traditional biological treatment or as a standalone
biological treatment.

In one such study, a cylindrical continuousMAS-MBR system
was tested through two different proportions of algae/sludge; (1)
only microalgae and (b) 5 : 1 to investigate the removal effi-
ciencies of EPs from raw and processed water.93 Cultivation of
a mixture of Chlorella vulgaris and activated sludge in untreated
wastewater over a 21 days operational period yielded the best
results achieving ammonium and phosphorus elimination
effectiveness reaching to 94.36 ± 3.5% and 88.37 ± 3%,
respectively. Although the MAS-MBR has emerged as
a prospective member for self-biological treatments, however,
the membrane fouling remains a crucial challenge. High levels
Fig. 6 Working diagram of microalgal-activated membrane bioreactor re
process engineering, vol. 49, p. 103069, Copyright 2022.

© 2025 The Author(s). Published by the Royal Society of Chemistry
of membrane fouling are typically associated with the increased
creation of the protein fraction of extracellular polymeric
materials and carbohydrate fraction of soluble microbial
compounds which can severely impact the system's long-term
performance and operational stability.94

3.2.2.3. Moving bed biolm reactor membrane bioreactor
(MBBR-MBR). The development of MBRs and MBBRs in the
second half of the 20th century has signicantly advanced
wastewater treatment research.95 Over the past ten years,
research into MBR and MBBR technologies has gained
considerable momentum, leading to numerous improvements
and renements over their original prototypes. Since MBBR
procedures have a high potential for recovering and removing
nutrients, they have shown great promise in the context of the
circular economy.96 A typical MBBR biological treatment
procedure, which allows both aerobic and anoxic processes, is
comprised of a suspended solid and biolm attached to plastic
carrier that serve as a substratum for biolm development.
Additionally, in a continuously agitating MBBR, the deployment
of high number of biolm carriers enables the growth of
bacterial biomass.97

Additionally, a number of studies have used the MBBR
approach to achieve the efficient removal of newly EPs.97–99

However, MBBR alone might not be sufficient to meet the strict
discharge limits in some situations requiring the treatment of
high-strength wastewater.100 Thence, integration MBBR with
MBR technology offers excellent potential for producing high-
quality treated water.95 A schematic of the MBBR-MBR system
is provided in Fig. 7. In an attempt to investigate heavy metals
elimination, a MBBR-MBR system was utilized that effectively
removed heavy metals such as zinc, lead, chromium, and iron,
with removal rates of 96%, 92%, 85%, and 88%, respectively.97
produced from ref. 93 with permission from Elsevier, Journal of water
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Fig. 7 The working illustration of MBBR-MBR adopted under a Creative Commons CC BY Attribution 4.0 International License.101
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3.2.2.4. Submerged membrane bioreactor. Submerged
membrane bioreactor (SMBR) techniques have been widely
used for biological remediation of wastewater since its
commercialization around 1990, typically employing micro-
ltration or ultraltration membranes.102 A typical SMBR oper-
ates a ltration process where polymeric microltration
membranes, having pore size range of 0.1 to 0.4 mm, are
submerged directly in the biomass, either in a separate tank or
within the bioreactor itself.103 Vacuum pressure is used to
facilitate the ltering process by applying suction to the interior
of the membranes.

Periodic backwashing or the movement of large air bubbles
along the membrane surface helps prevent membrane clogging.
Moreover, the air across the membrane surface generates
turbulence resulting in cleaning or scrubbing of the membrane
Fig. 8 (a) The schematic of a typical SMBR system for wastewater treatm
Environmental Chemical Engineering, vol. 8, p. 104432, Copyright 2020 a
from Elsevier, Journal of Environmental Chemical Engineering, vol. 11, p

49038 | RSC Adv., 2025, 15, 49030–49062
which enables SMBRs to eliminate higher than 95% of COD. It
is also of worth mentioning that the decrease in BOD values is
signicantly high in SMBR water treatment processes.104

SMBRs have been extensively employed for the removal of
EPs in both synthetic and real wastewater samples. For
example, one study utilized an SMBR for the removal of three
personal care products (PCPs), including triclosan, methyl
paraben, and propylparaben from synthetic wastewater.105 The
relatively high removal efficiencies for the aforementioned PCPs
were achieved; 98.20, 99.96 and 99.97%, respectively. The
performance of AMBRs is closely tied to the chemistry and
structure of the membranes used. The utilization of polymeric
membranes relying on polyvinylidene uoride,
polyethersulfone/silica composite, and polyacrylonitrile domi-
nate because of their hydrophilicity and mechanical exibility,
ent reproduced from ref. 105 with permission from Elsevier, Journal of
nd (b) schematic of AFCMBR reproduced from ref. 108 with permission
. 109153, Copyright 2023.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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whereas ceramic and hybrid membranes offer higher thermal
and chemical stability with lower fouling potential. Impor-
tantly, algae membrane interactions, inuenced by surface
charge, roughness, and hydrophobicity, control the formation
and reversibility of the fouling layer.106 Consequently, advances
in surface modication such as hydrophilic coatings, photo-
catalytic layers, and bio-inspired polymers are being developed
to enhance ux recovery and selectivity. Integrating these
material improvements within reactor design underscores the
dual focus of AMBR technology: optimizing both biological
activity and membrane-based liquid separation. In another
study, a submerged ceramic at membrane bioreactor was
employed to treat coal chemical wastewater.107 This ceramic at
membrane bioreactor successful reduced ammonia nitrogen,
COD, total phenol, and turbidity levels to below 3.03, 31.4,
3.76 mg L−1, and 0.4 NTU, respectively. Optimal pollutant
removal was achieved at a HRT of 21 h, dissolved oxygen
concentration of 3.2–4.0 mg L−1, and pH between 7.1 and 7.5. A
working diagram of a standard SMBR is given in Fig. 8a. A slight
modication to this system was proposed in the form of
anaerobic uidized bed ceramic membrane bioreactor
(AFCMBR), illustrated in Fig. 8b.108 This system was employed to
explore the relationship between HRT and methylparaben
removal efficiency.

A standard anaerobic MBR (AnMBR) is constructed by
combining an anaerobic bioreactor and membrane ltration
unit to retain anaerobic microorganisms with reduced growth
rate and generating high effluent (permeate) quality.109

However, an anaerobic uidized bed membrane bioreactor
(AFMBR) is made up of anaerobic uidized bed bioreactor and
submerged membrane ltration assembly normally comprised
of granular activated carbon (GAC).110 Undoubtedly, GAC
uidization is energy intensive however, GAC particulates are
easily detached and form small rubble which is among the
potential foulants on the membrane surface of bioreactor and
thus reducing overall efficiency of bioreactor.111 To address this
issue, a at-tubular ceramic membrane system was investigated
which displayed signicant potential for the efficient elimina-
tion of methylparaben.108
4. Factors affecting the performance
of AMBRs

As discussed earlier that performance of a typical AMBR system
in terms of wastewater treatment mainly depends on biological
unit, consisting of algae and/or bacteria,21 which in turn is
strictly affected by several factors, including temperature, pH,
light intensity, algal biomass, mechanical aeration, hydraulic
retention time, solid retention time, membrane fouling,
inhibitory compounds, algal bacterial consortia, nutrient
availability, and reactor design. Some algae species, for
example, may respond to a specic pollutant more effectively,
such as organic compounds, or heavy metals than others.
Consequently, the choice of the right algal strain is critical for
efficient elimination of certain pollutants from wastewater.112,113

The wide variation in removal efficiencies reported for similar
© 2025 The Author(s). Published by the Royal Society of Chemistry
pollutants arises primarily from differences in algal strains and
associated bacterial communities, hydraulic retention times,
light intensity, nutrient ratios, and membrane material prop-
erties. For example, Chlorella vulgaris oen shows higher
nutrient uptake under moderate illumination, whereas Scene-
desmus obliquus performs better at elevated nitrogen levels.
Similarly, the type of membrane (polymeric vs. ceramic) and its
surface charge also inuence pollutant adsorption and biolm
development. These factors collectively determine overall
removal efficiency, as summarized schematically in Fig. 10.

4.1. Light intensity

Light is necessary for algae proper growth, and its intensity has
a substantial impact on AMBR performance. To ensure accel-
erated algal biomass growth and pollutant elimination, optimal
light intensity is required. Excessive light intensity, on the other
hand, might cause photoinhibition, which can severely impact
algal growth and activity, eventually reducing AMBRs perfor-
mance. This photoinhibition is induced by a mechanism in
which algae's photosynthesis ability decreases due to disrup-
tion of photosystem reaction site protein (D1) where light
intensity approaches metabolic needs. The resulting harm can
impede algal development and action, eventually reducing the
functioning of AMBRs owing to lower biomass output and
inefficient photosynthesis.114

4.2. pH and temperature

pH affects the degree of protonation and deprotonation, which
in turn affects the surface charge of algal foulants and electro-
static attractive or repulsive forces with the membrane.115

Generally, low pH values create positive charges on the surface
by enhancing the number of protonated amine groups, while
high pH values deprotonate these groups, resulting in an overall
negative surface charge. Relative to neutral and basic situations,
repulsive interactions between transparent exopolymer parti-
cles (TEPs) and ultraltration membranes were signicantly
reduced by 41.7% under acidic conditions, supporting the
attachment of free TEPs onto the membrane surface and
thereby escalating the permanent membrane fouling.116

Surface charges that vary with pH have a direct impact on
oc characteristics and coagulation tendency. According to the
ndings of a recent study, lower pH enhances the interaction
between external organic matter and membrane surface,
resulting in increased membrane fouling.117 Similarly, the
authors also assessed the inuence of pH on coagulation; the
ndings emphasized the impact of pH on isoelectric point
(pHiep) of different coagulants, inuencing oc size and its
formation rate. The isoelectric point of a titanium xerogel
coagulant was favored by acidic conditions, allowing the
aggregation of algae and organic matter upon dosing.115

However, basic conditions were not able to establish charge
neutrality and thus the accumulation was lower. The develop-
ment of mineral foulants and, consequently, the inorganic
fouling caused by the precipitation of calcium, phosphorus, and
iron increased as the pH linked with algal photosynthesis
environment escalates.117
RSC Adv., 2025, 15, 49030–49062 | 49039
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Temperature also plays a critical role in AMBR performance.
Higher temperature reduces drag forces on the membrane by
lowering water viscosity, which in turn increases membrane
permeability. In addition, temperature directly affects enzy-
matic activity, which inuences the synthesis of algal organic
matter (AOM). In fact, increasing the temperature from 15 to
30 °C causes a decrease in extracellular organic matter (EOM)
secretions and thus impacting the overall performance.115

4.3. Algal biomass

One of the most serious issues faced by AMBRs is the
membrane fouling which may occur as a result of growth of
algal biomass. Membrane fouling takes place when
a membrane gets blocked or covered with particulates, yielding
decreased permeability and, consequently, reduction in treat-
ment effectiveness. The fouling capacity of algal biomass is
determined by physical and chemical features including surface
charge, size, shape, and the presence of extracellular polymeric
substances (EP).118 The high EP content of algal biomass is
responsible for the production of biolms on the membrane
surfaces.119 Several techniques have been developed to reduce
the accumulation of biomass and membrane fouling in AMBRs.
Pre-treatment techniques including coagulation and occula-
tion are commonly used to eliminate larger particles and
colloids prior to their arrival in MBR unit.120

4.4. Mechanical aeration

Membrane bioreactors nd extensive applications in waste-
water treatment as this technology is simple to use, takes up
very little space, and is capable of eliminating multiple pollut-
ants from wastewater in a single process. However, two issues
including membrane fouling and high energy consumption
have hampered the AMBRs performance and limit their exten-
sive exploitation. Various studies have been conducted to
address membrane fouling by the deployment of optimization
of operational settings and the usage of modied polymeric
membranes. The high energy consumption of AMBRs is mostly
related with aeration which is required for membrane cleaning,
aerobic-activated sludge biotreatment, and oc agitation.
Additionally, mechanical aeration consumes approximately 55
to 90% of the overall energy supplies of AMBR operation.121 As
a result, it is necessary to decrease membrane fouling and rate
of aeration of AMBR units in order to improve its performance
and reduction in energy consumption.119,122

4.5. Hydraulic retention time and sludge retention time

Both the HRT and the SRT are crucial design and operating
parameters because they control the amount of sludge with-
drawn from the reactor and the type of microorganisms living
there, as well as the biomass concentration and substrate
usability in AMBRs. The ability to manage the SRT indepen-
dently of the HRT is the main benet of membranes in AMBRs.
The volume of sludge to be disposed of in biological systems
and the rate of microbial growth are both determined by SRT.
AMBRs running on lengthy SRTs offer the production of highly
useful microbiological species than those with short SRTs.
49040 | RSC Adv., 2025, 15, 49030–49062
However, AMBRs running with long SRT result in low biomass
wastage along with low N and P removal as these elements are
mostly eliminated using the discarded algal biomass. HRT has
a signicant impact on the effectiveness of the solid–liquid
separation and biomass concentration as it directly determines
the nutrient loading and treatment capacity of any biological
reactor. In order to maximize the creation of algal biomass and
to remove N and P from wastewater, it is highly desirable to nd
the optimal operating SRT/HRT range.71

4.6. Membrane fouling

Extracellular polymeric substances and microalgae cells have
both been recognized as signicant contributors towards
membrane fouling. A myriad of studies have been devoted to
explore the inuence of numerous parameters on algal
biofouling and separation performance AMBRs.123 The poten-
tially affecting parameters may include membrane properties
such as pore size and membrane materials, algal species, cell
size, metabolic products like protein and carbohydrate frac-
tions, and operational parameters (i.e., HRT and SRT). As
a result of the high susceptibility for fouling in algal membrane
ltration process, fouling control measures are recognized as
critical for their long-term operations. To address this issue,
several techniques including chemical and physical cleaning
not only reduce the effect of fouling but also extend the life of
the membranes. Recent studies report that surface-modied
membranes incorporating hydrophilic or photocatalytic coat-
ings (for example, TiO2 or graphene oxide) can enhance fouling
resistance by limiting extracellular polymeric substance (EP)
adhesion. Biological strategies such as quorum-quenching
bacteria or enzymes are being explored to disrupt biolm
signaling, while dynamic membranes formed by algal bacterial
ocs offer self-regenerating ltration layers.124 These emerging
approaches collectively show up to 20–40% improvement in ux
recovery compared with conventional chemical cleaning alone.
However, aforementioned fouling control techniques are highly
energy intensive and require bulk of chemicals leading to
imbalance the ecosystem.125

4.7. Inhibitory compounds

Algal and bacterial cells in AMBRs are susceptible to the
poisonous and inhibitory substances found in wastewater as
toxic substances can inhibit cells growth by hampering their
metabolic operations. Industrial discharges and household
goods are just two examples of the many potential sources of
toxic and inhibitive chemicals contained in wastewater.126

4.8. Algal–bacterial consortia

For an effective pollutant removal, biomass generation, and
membrane fouling control, algae and bacteria must have
a harmonious and cooperative relationship. To this end one
critical parameter, that can signicantly inuence the overall
performance of AMBR system for wastewater remediation, is the
selection of suitable algal–bacterial consortia. Notably, an
effective pollutant removal, membrane fouling reduction, and
biomass generation, necessitates a well-balanced and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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synergistic coherence between algae and bacteria present in
a treatment system.127 To this note, several key factors such as
nutrient demands, compatibility degree, growth rates, meta-
bolic capabilities, and capability to endure uctuating envi-
ronmental conditions should be kept in mind during the
selection of algal and bacterial strains for the consortia.128 In the
absence of specied guidelines recommended for the choice of
an algal–bacterial consortium for AMBRs, it becomes inevitable
to explore characteristics of water samples, operational condi-
tions, and treatment objectives. Additionally, the selection of
the best combination of bacteria and algae consortium for
a dened application can be executed through extensive
laboratory-scale studies and keeping an eye on the performance
of varied algae and bacteria consortia.44 In one such study, an
effective microalgae–bacteria consortium was deployed and it
was observed that 80 mg L−1 of chlortetracycline did not harm
a consortium of microalgae and bacteria contrasting to the
situation where the pure microalgal culture was able to with-
stand only 60 mg L−1.129 Comparing single algae and algal–
bacterial consortia in the context of AMBRs involves consid-
ering their respective roles, efficiency, and performance within
these systems. One key benet of membrane integration is that
the membrane module simultaneously retains biomass and
claries effluent, eliminating the need for separate harvesting
steps such as occulation or centrifugation used in standalone
algal systems. This integration can reduce biomass harvesting
costs by up to 30–40% and produce concentrated sludge (1.5–3 g
L−1) suitable for direct downstream processing.130 However,
membrane replacement and fouling management add recur-
ring costs, which must be balanced against savings in harvest-
ing and sludge handling.

4.9. Nutrient's concentration

Algae growth is strongly dependent on suitable supplies of
nitrogen and phosphorus as nutrients however, nutrient
removal during the course of water treatment processes via
AMBRs can limit the nutrient supplies to algae. Consequently,
development and activity of algae and bacteria can be impeded
by constraints in nutrients supplies, resulting in compromised
treatment outcomes. On the other hand, too many nutrients are
also detrimental for proper growth of algae and bacterial con-
sortia. The development of algal blooms and excessive algal
growth are two unfavorable outcomes from imbalanced
nutrient proportions. In addition to reduction in wastewater
treatment efficiencies, imbalanced nutrient supplies may end
up with several difficulties in terms of elevated membrane
fouling, reduced DO, and possible toxins generation.131

4.10. Reactor design

In order to achieve optimized performance of AMBRs, an
appropriate bioreactor design is highly inevitable. The cong-
uration of the reactor can affect the hydrodynamics and mass
transfer of pollutants and nutrients. Further, mixing efficiency,
membrane fouling, and biomass accumulation can all be
impacted by the reactor's size and form. Consequently,
improving the reactor design can lower the system's operating
© 2025 The Author(s). Published by the Royal Society of Chemistry
and maintenance expenses while increasing the removal effi-
ciency of dangerous and toxic impurities.114 Following possible
design arrangements for a typical AMBR system can be adopted:
(1) External Membrane Bioreactors (EMBR), (2) Submerged
Membrane Bioreactors (SMBR), (3) Hybrid Membrane Bioreac-
tors (HMBR), (4) Integrated Membrane Bioreactor (IMBR), (5)
Membrane Aerated Biolm Reactor (MABR), and (6) Moving Bed
Bioreactor (MBBR). Among these design arrangements, EMBR
and SMBR are most commonly employed designs.132,133 A slight
difference in the two designs (EMBR and SMBR) lies in the
position of the membrane unit which exists outside the biore-
actor of EMBR contrasting to SMBR where the membrane unit
lies inside the bioreactor.

In any MBR design, it is crucial to employ high aeration
intensity to deal with the high non-Newtonian viscosity and
satisfy the microbiological oxygen necessity in order to provide
air scouring of membranes. However, the high aeration inten-
sity may hinder the activities of the denitrifying and
phosphorus-accumulating microorganisms and accelerate the
energy consumption, which could end up with less phosphorus
and nitrogen removal efficiencies from the system along with
high incurred expenses. Undoubtedly, membrane fouling is
unavoidable, but periodic cleaning or replacement of the
membranes could reduce the overhead costs. Therefore, to
address the aforementioned issues, an appropriate MBR design
plan must be implemented.134

5. Performance evaluation of AMBRs

In order to improve life standards and to alleviate worldwide
environmental and health concerns from diverse hazardous
substances especially persistent organic pollutants (POPs), it is
critical to study the precise information regarding their global
production and environmental releases. According to a recently
published report, as of 2020, a cumulative total of 31.306
million tonnes (mt) of the 25 POPs was manufactured and
commercialized globally which resulted in discharge of 20.348
mt into different environmental segments.7 Notably, among
these globally produced POPs, short-chain chlorinated paraffins
were the dominantly produced chemicals with a cumulative of
8.795 mt.135

Among the various water treatment technologies, AMBRs
demonstrate signicant in the elimination of hazardous
contaminants from wastewater.21 Microalgae exhibit substan-
tial affinity for a wide range of contaminants, including phar-
maceuticals, personal care products, heavy metals, and
nutrients.136,137 Adsorption, biosorption, biodegradation, and
bioaccumulation are among the several mechanisms through
which AMBRs can potentially eliminate toxicants.

An exponential benet of AMBRs is their capacity to
accomplish the concurrent removal of diverse toxicants.138,139

Furthermore, AMBRs can operate at lower HRT compared to
conventional MBRs, which reduces space requirements and
energy consumption. Additionally, AMBRs are considered
environment friendly and workable technologies, as the algal
biomass could be beneted for biofuel production and other
benecial purposes.53
RSC Adv., 2025, 15, 49030–49062 | 49041
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EPs, also referred to as chemicals of emerging concern, are
mostly anthropogenic compounds found in various water
bodies, with concentration ranging from microgram to milli-
gram per litre.140 These contaminants pose a signicant risk not
only to human health but also to aquatic ecosystems and other
living organisms.141 EPs can be classied into organic and
inorganic contaminants. Organic pollutants include pharma-
ceutical compounds, personal care substances, hormones,
chemicals from industries, and etc. Inorganic pollutants mostly
include heavy metals and their compounds.

Concern over the possible harm to human and environ-
mental health posed by a wide variety of contaminants con-
tained in wastewater treatment plants' effluents, which are
frequently discharged into the environment, has grown in
recent decades. Determining the origins of both current and
EPs from the primary waste streams (such as industrial and
residential wastewater) may offer important insights into
a better comprehension and effective waste management.
Among the most commonly detected Eps are pharmaceutical
and cosmetic products, peruorinated compounds (PFCs),
gasoline additives, brominated and organophosphate ame
retardants, and various nanomaterials. However, only a few
studies have looked into the algal-bioremediation strategies in
pilot-scale operating conditions.
5.1. Removal of pharmaceuticals from wastewater by AMBRs

Micropollutants, also recognized as emerging contaminants,
include a wide range of pharmaceutical, pesticides, and PCPs.
Agricultural and industrial effluents, personal hygiene prod-
ucts, cosmetics, pharmaceuticals, and hospital streams are only
a few of the many sources of these pollutants that are directly
linked to human activity.142 Among pharmaceuticals, antibi-
otics represent a major class of contaminants. These chemical
substances, which play a vital role in health care by inhibiting
and killing microorganisms, have become a growing environ-
mental concern due to their widespread and oen excessive use.
Antibiotic pollution in aquatic environments is increasingly
serve, raising the urgent need for effective removal strategies.143

Alarmingly, over 180 000 tons of antibiotics are discharged into
the environment annually, with many of these compounds
exhibiting high stability, enabling them to pass through
conventional treatment processes and accumulate in the
environment.144

Conventional wastewater treatment methods typically may
include physical, chemical, and biological processes such as
photodegradation, membrane separation, and advanced
oxidation.145,146 Recently, microalgae mediated bioremediation
has gained scientic attention as an ecologically comprehensive
and sustainable strategy for removing antibiotics and other
pharmaceutical residues. Microalgae are particularly attractive
due to their resilience and adaptability to harsh environments,
making them well-suited for the treatment of diverse pollut-
ants.147 Additionally, the resulting algal biomass can be repur-
posed for fuel, fertilizer, and even pharmaceutical applications,
reducing the risk of secondary contamination.148
49042 | RSC Adv., 2025, 15, 49030–49062
Phycoremediation mechanisms of pharmaceuticals are
highly dependent on the type of target pharmaceutical
pollutant, algal species used, and conditions (HRT, SRT,
temperature, pH, nutrient dosage and etc.) used during the
remediation process.149 According to the literature, phycor-
emediation mechanisms of pharma-based pollutants may
include biodegradation, sorption, and bioaccumulation as
described in Table 1 and Fig. 9.

Recently, a microalgae; Haematococcus pluvialis, a freshwater
species of Chlorophyta capable to form large quantities of
astaxanthin, has been bioaugmented into an aerobic AMBR to
explore its capacity to treat 3 most common occurring antibi-
otics including sulfamethoxazole (SMX), tetracycline (TET) and
erythromycin (ERY) in wastewater, lowering membrane
biofouling, and effects on composition of microbial commu-
nities. The study achieved a maximum removal efficiency of
89.73% for TET, with a 33% reduction in membrane
biofouling.154 Noteworthy, complex mixtures of pollutants in
wastewater could cause difficulties in their complete elimina-
tion and may involve diverse mechanisms (sorption, photo-
degradation, membrane rejection, abiotic, bioaccumulation,
and biodegradation) of their removal. In one such attempt to
investigate the insights into the removal mechanism of
a mixture of 9 antibiotics (3 uoroquinolones: ciprooxacin,
ooxacin, noroxacin; 3 macrolides: azithromycin, clari-
thromycin, ERY, and three different classes of antibiotics
including pipemidic acid, trimethoprim, and sulfapyridine) and
1 antidepressant (venlafaxine), 4 strains of microalgae (Chla-
mydomonas reinhardtii, Chlorella sorokiniana, Dunaliella tertio-
lecta, and Pseudokirchneriella subcapitata) under different
experimental conditions were employed.156 Results showed that
photodegradation was the dominant removal mechanism for
ciprooxacin, ooxacin, noroxacin, and pipemidic acid
(>78%), while a combination of sorption and biodegradation
was responsible for removing for total removal of azithromycin,
clarithromycin, and ERY. However, for sulfapyridine elimina-
tion mechanism was purely algal biodegradation as other two
mechanisms including sorption and photodegradation exhibi-
ted least efficiencies. From these ndings, it can be inferred that
pollutant removal signicantly depends on the algal strains and
nature of pollutant. However, most stable (persistent) pollut-
ants would require harsh conditions for their complete
removal. Another study evaluated the removal pathway of 10
mixed antibiotics along with nutrients deployed four freshwater
microalgae strains (Haematococcus pluvialis, Selenastrum capri-
cornutum, Scenedesmus quadricauda, and Chlorella vulgaris) in
MPBRs in a continuous ow mode at lab-scale. It was observed
that biodegradation was the major removal mechanism of the
antibiotics in Haematococcus pluvialis MPBR, with excellent
removal efficiencies (53.57–96.33%). However, bioadsorption,
bioaccumulation, membrane rejection, and abiotic contributed
minor in antibiotics removal mechanism.155 Likewise, Xie et al.
demonstrated that Chlamydomonas sp. (Tai-03) was efficiently
capable to remove antibiotics through biodegradation (65%)
and photolysis (35%).161 Since ciprooxacin is more easily
adsorbed onto biomass than sulfadiazine, they noted that
adsorption might be crucial in fostering biodegradation.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Phycoremediation pathways involved in the removal of pharmaceutical compounds from aqueous solutions using microalgae repro-
duced from ref. 185 with permission from Elsevier, Environmental Science and Ecotechnology, vol. 13, p. 100205, Copyright 2023.
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Despite of several serious efforts conducted for the removal of
pharmaceuticals, some of these pharmaceuticals are of recal-
citrant nature and can pass through several stages of purica-
tion. For instance, pharmaceuticals such as carbamazepine,
limited biodegradation is oen linked to the absence or low
activity of key oxidative enzymes such as laccase, peroxidase,
and dioxygenase in algal bacterial consortia.186 These enzymes
catalyze aromatic ring cleavage and hydroxylation, which are
necessary for complete mineralization. In most AMBR systems,
carbamazepine undergoes only partial oxidation to stable
intermediates because of low enzyme affinity and restricted co-
metabolism, highlighting a fundamental biochemical bottle-
neck in algal-mediated degradation. Additionally, above
mentioned recalcitrant pharmaceuticals may accumulate in
different environment segments leading to their entrance in
food chain which may consequently pose serious threats to
human kind and other living organisms.
5.2. Removal of pesticides from wastewater by AMBRs

Pesticides, a wide range of heterogenous compounds (e.g.,
insecticides, herbicides on lawns, fungicides, algicides in paints
and coatings, and roof-protection agents in sealants), have
historically been extensively deployed in crops protection
against the unwanted microorganism. However, their uncon-
trolled and excessive application can lead to microbial resis-
tance and their released into various environmental
49048 | RSC Adv., 2025, 15, 49030–49062
compartments, resulting in ecological and human health risks
(especially when they enter the food web). These contaminates
are recognized as major hazardous substances of various
waterways and their uncontrolled exposure generates microbial
resistance and can lead to enter in the food chain of organisms
living in terrestrial and aquatic habitats. Furthermore,
untreated water effluents from pesticide industries are also
considered the major contributory towards pesticide
contamination.

Diverse traditional wastewater treatment technologies, such
as activated sludge, moving bed biolm reactors, trickling
lters, microalgae, nitrication, and fungi, and bacteria treat-
ments, as well as biological activated carbon, rely on biological
activities and decomposition as the primary elimination
approaches.187 Further improvement in their performance in
terms of complete removal/mineralization of targets including
pesticides is highly desirable and can be augmented in
conjunction with other biologically active processes to boost
pesticide removal. Among several technologies employed for
the pesticides removal in water, utilization of algal biomass has
received great attention due to their multiple advantages in
terms of simultaneous pesticide-containing wastewater treat-
ment and nutrient recovery for microalgae growth along with
minimum toxic sludge production.188 Moreover, the role of
algae is not only to serve as a biolter but also to transform the
target pesticides into less toxic metabolites as microalgae utilize
pesticides as their carbon and nitrogen sources. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
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elimination of pesticides through microalgae generally occurs
through biosorption, bioaccumulation and biodegradation
however, the removal efficiency greatly depends on the lipid
content, strain, and the chemical structure of the pesticide.189

For instance, among the four investigated species (Scenedesmus
obliquus, Chlamydomonas mexicana, Chlorella vulgaris, and
Chlamydomonas pitschmannii) Chlorella vulgaris has been found
to assimilate 94% at signicantly high concentration
(20 mg L−1) of diazinon, a toxic insecticide, and then transform
into a less toxic metabolite (2-isopropyl-6-methyl-4-pyr-
imidinol).179 However, it was demonstrated that further rise in
diazinon concentration to 40 mg L−1 signicantly resulted in
>30% growth inhibition of Chlorella vulgaris.

It is also in observation that the immobilization technology,
an emerging approach in bioremediation, relies on controlled
placement of free microorganisms in a determined geographic
area using physical or chemical strategies to keep them viable
and active.190 Nonetheless, this technique mostly offers best
performance in terms of removal efficiencies of pesticides
relative to free cells which may be attributed to a context of high
population density with a low volume.191 Furthermore, immo-
bilization of biomass can be utilized multiple times and it
enables cell storage for extended periods without impairing
degradability thus making it economically viable approach. In
an attempt to access the performance of immobilization
approach relative to free cells in water samples containing two
pesticides including chlorpyriphos and cypermethrin, two
photobioreactors, including biochar (acting as substrate to
immobilize algae) and Chlorella vulgaris (reactor 1), and Chlor-
ella vulgaris/activated sludge (reactor 2) were employed.191 The
evaluation of data through response surface methods indicated
that phycoremediation system containing immobilized Chlor-
ella vulgaris enabled abatement of pesticides 88–93% at 69.7 h
contact time and 0.32 mg L−1 initial concentration of targets.
Another group of researchers co-immobilized Chlorella vulgaris
and Citricoccus sp. strain TT3 consortium in porous beads to
investigate degradation of atrazine.171 Higher than 40% atrazine
abatement was achieved under optimized conditions which
reected the positive impact of immobilization of algal
biomass. Interestingly, slight modications in AMBRs and/or
attachment of useful additional accessories may result in
further enhancement in phycoremediation efficiencies.
Recently, in one such study, removal of two pesticides (atrazine
and bromacil) in groundwater was investigated through a pho-
tobioreactor containing immobilized microalgae (Phenyl-
obacterium, Sphingomonadaceae, and Caulobacteraceae) and
bacteria consortium in polyurethane foam followed by a cork
lter (CF).157 Pesticide transformation products were identied
through gene-based metataxonomic assessment, supporting
biodegradation as the main contributing mechanism. The
modied PBR-CF protocol enabled pesticides removal efficiency
of 95% at an HRT of 8 days, however, it was observed that
pesticide removal efficiency was strongly dependent on HRT.
With shorter HRT, removal efficiency signicantly reduced from
95% at an HRT of 8 days to 23–45% at an HRT of 2 days. A
comprehensive illustration for the performance of AMBRs in
context to pesticides removal is given in Table 1.
© 2025 The Author(s). Published by the Royal Society of Chemistry
5.3. Removal of personal care products from wastewater by
AMBRs

To accommodate the increasing demands for improved human
health standards globally, several personal care products (PCPs)
are being used in amounts comparable to agrochemicals. These
compounds are unconsciously discharged into the environment
from both point and nonpoint sources, remain oen unmoni-
tored and unregulated.192 PCPs are an underestimated group of
EPs, with some of these PCPs are enumerated by the United
States Environmental Protection Agency and Stockholm
Convention as priority pollutants.193 Furthermore, they have
become environmentally pervasive in all facets of ecosystem
due to their wide usage, difficulty in complete degradation due
to complicated structures, and inappropriate removal from
ecosystem and are attracting signicant attention of
researchers. Therefore, it is highly desired to efficiently remove
these hazardous compounds from water sources (Table 1). To
this note, a myriad of research studies has been conducted for
the removal of PCPs in different water samples, ranging from
synthetic to real-world water matrices. Recently, a group of
researchers deployed a SMBR system and achieved removal
efficiencies of 98.20%, 99.96% and 99.97% for triclosan, m-
ethylparaben and propylparaben, respectively, with their high-
est concentrations in as prepared PCPs-rich greywater.105 They
demonstrated that HRT had a striking inuence on perfor-
mance of the SMBR in removing PCP contaminants.

In AMBRs, the dual mechanism of sorption and biological
degradation system enables them to successfully remove
targets. The membrane system restricts the movement of high
molecular weight targets at the surface, leading to their
biodegradation and physical retention.187 Recently, in an
attempt to compare the performance of different systems,
recirculating AMBRs consisting of an anoxic tank, and aerobic
tank were employed to investigate the removal of ve micro-
pollutants including triclosan from wastewater.194 The results
revealed that triclosan was completely adsorbed by both anoxic
and aerobic sludge. However, in synthetic water, triclosan
removal was slightly lower than in real wastewater, likely due to
microbial diversity and lower levels of suspended solids, which
results in decrease removal rate of triclosan. Generally, the
deployment of bacterial and algal consortia results in enhanced
bioremediation performance. For instance, in the wastewater
treatment of methylparaben, a consortium of Acinetobacter
calcoaceticus and the microalga Chlorella vulgaris achieved
removal efficiencies of 77 to 83%, compared to only 30% when
using microalgae alone.180 Further improvements in PCPs
removal can be escalated by the deployment of appropriate
bioreactor congurations with optimized experimental condi-
tions and cocultured microalgae with best symbiotic relation-
ships for a specic target. A group of researchers used an AMBR
for the removal of multi-compounds including acetaminophen,
caffeine, metformin, 2-hydroxy-ibuprofen, ibuprofen, naproxen,
clarithromycin, atenolol, carbamazepine, trimethoprim tri-
closan, ciprooxacin, noroxacin, triclocarban, ooxacin, and
paraxanthine from different aqueous streams of a wastewater
plant.165 They showed that pharmaceutical and PCP removal
RSC Adv., 2025, 15, 49030–49062 | 49049
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Fig. 10 Parameters potentially affecting the removal efficiencies of emerging pollutants through AMBRs.
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varied from 34% to >99%. Owing to deposition/cake develop-
ment and pore clogging by rejected species on the membrane
surface, the AMBR's performance was found to decline with
ltering time. A conceptual diagram representing diverse
parameters that can potentially impact the overall degradation
efficiencies of emerging pollutants through the deployment of
AMBRs is given in Fig. 10.
5.4. Removal of heavy metals removal from wastewater by
AMBRs

Noteworthy, it is pertinent to mention that metals are vital for
photosynthesis and other metabolic pathways in microalgae;
however, their occurrence at higher concentrations can have
adverse impacts on the ecosystem.195 Heavy metal ions in water
streams from diverse sources is alarmingly increasing and it
raises severe concerns to biosphere and necessitates their
complete assessment and removal.196 A myriad of strategies
have been employed to eliminate heavy metal ions in aquatic
systems, but each exhibits its own pros and cons. Mostly, these
approaches necessitate high installation and maintenance
costs, as well as operational expenses, and oen produce
secondary pollutants.185,197 Therefore, it is highly inevitable to
investigate and deploy robust, eco-friendly, and economically
viable approaches.

To this end, microalgae have been recognized for their
signicant potential in wastewater treatment due to their ability
to uptake heavy metal ions and their toxic derivative
compounds through biosorption and bioaccumulation mecha-
nisms, as presented in Fig. 10a. The presence of a variety of
49050 | RSC Adv., 2025, 15, 49030–49062
functional groups, such as deprotonated carboxyl and sulfate
groups, as well as monomeric alcoholic groups in microalgae,
plays a key role in stimulating of biosorption of heavy metal
ions.198 Furthermore, extracellular polymeric moieties obtained
from microalgae can speed up the overall heavy metal ion
sorption but their efficiency is greatly dependent on several
other parameters such as nature of heavy metal ion, and oper-
ational conditions.199 Recently, two acid tolerant microalgae
species Desmodesmus sp. and Heterochlorella sp. were investi-
gated for the simultaneous removal of Cu, Fe, Mn, and Zn from
their growing environment at pH 3.5.200 Desmodesmus sp. was
especially efficient at removing Fe (up to 86% aer 16 days).
Whereas,Heterochlorella sp. was more efficient at removing Mn,
with an adsorption percentage of 84% at 10 mg L−1 initial
concentration. The cellular analysis conrmed that the removal
of the investigated ions occurred primarily through adsorption
and uptake, with up to 99% of the ions accumulated inside the
cell. In another study, Rajalakshmi et al. investigated the
potential of Chlorella sp. isolated from Yercaud lake for the
removal of seven heavy metals, including Cr, Pb, Ni, Cd, Co, Zn,
and Cu present in tannery effluent using a small scale photo
bioreactor treatment approach.201 Accordingly, a signicant
reduction in the heavy metals content in the tannery effluent
aer the wastewater treatment was noticed. The maximum
uptake efficiency of Chlorella sp. for the metals investigated was
found to be 95.59, 94.12, 93.94, 93.98, 93.43, 93.84, and 89.38%
for Cr, Co, Ni, Cd, Pb, Zn, and Cu, respectively. Furthermore, it
was pointed out that the removal mechanism of heavy metals
was purely biosorption. To further enhance heavy metal
removal efficiencies in AMBRs, the use of dynamic membranes
© 2025 The Author(s). Published by the Royal Society of Chemistry
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(DM) can be highly benecial. DMs perform dual function: (a)
reduction in membrane biofouling and (b) enhanced heavy
metal elimination.185 DMs can be easily formed over a polymeric
membrane or a mesh membrane bed and can also be removed
easily by washing in the reverse direction of water. Furthermore,
owing to facile usability and recoverability of microalgae and its
non-living mass, DMs are practically feasible approach to be
utilized particularly for mercury removal in dental units.202

A number of researches have been conducted to evaluate the
performance of DMs based AMBRs contrasting to controlled
AMBRs for the elimination of heavy metals. In one such attempt
Hg removal from dental wastewater (DWW) using microalgae
dynamic membrane of Chlorella vulgaris suspended particles in
a dynamic membrane bioreactor (DMBR) using synthetic DWW
has been reported.203 The authors compared its performance
with a control membrane bioreactor (CMBR) under similar
optimized experimental parameters. From the results, it was
observed that DMBR outperformed CMBR for Hg removal and
was not limited to DWW but can be effectively deployed for
effluents with high load of Hg. However, it was noticed that the
performance of DMBR in the presence of activated sludge
dropped from 85.88 to 79.02% probably because of covering of
DM.

Phycoremediation of heavy metals has also been recognized
to be affected by the cultivation methods.204 To address this
issue, three different algal strains/consortia; Chlorella pyr-
enoidosa, Chlorella phormidium, and a consortium from Hauz
Khas Lake were cultured in suspension and attached biolm
systems for the remediation of individual and multiple heavy
metals (e.g., Cd, Cr, Pb, Cu, and Zn) in batch experiments (HRT-
Fig. 11 Metal–microbe interactions in bioremediation process (a) rep
Science and Ecotechnology, vol. 13, p. 100205, Copyright 2023, me
reproduced from ref. 185 with permission from Elsevier, Environmental
schematic of phosphorus absorption and transformation pathway by m
lines, under phosphorus deficiency conditions) (c) reproduced from ref. 2
762, p. 144590, Copyright 2021.

49054 | RSC Adv., 2025, 15, 49030–49062
6 days).205 The authors analyzed biomass production and metal
removal and demonstrated that consortia of Chlorella pyr-
enoidosa and the Hauz Khas lake consortium performed better
in suspensions systems for individual heavy metals, while
Chlorella phormidium can perform exceptionally well for variety
of effluents containing mixed metals in attached biolm-based
systems.

In another study, researchers evaluated the competitive bi-
osorption of Pb2+, Cd2+, Cu2+, and As3+ ions by using native
algae in a batch reactor.206 They obtained equilibrium data for
adsorption of single, binary, ternary, and quaternary metal ion
solutions. The removal mechanism was biosorption, which
relied on ion exchange with light metal ions such as Na, Ca, and
Mg. The removal efficiency of heavy metal ions was found to be
greatly inuenced by the affinity between the microalgal strains
and the heavy metal ions. For instance, Pb2+ caused a greater
change in the functional groups of algal biomasses due to its
high affinity for Pb2+. The affinity constants for single metal
system followed the sequence: KPb > KCu > KCd > KAs; however,
these values reduced in binary, ternary, and quaternary systems.
Furthermore, kinetic data revealed that the biosorption of the
heavy metal ions followed pseudo-second-order kinetics. This
suggests that the specic removal of heavy metal ions by
a typical microalgal strains can be related to the presence of
specic extracellular polymeric substances. For instance, a low
pH enhances the ability of extracellular polymeric substances in
Nostoc linckia to absorb heavy metal ions (e.g., Co2+ and Cr4+)
due to the presence of negatively charged functional groups.207

Based on these ndings, it can be concluded that the microalgal
affinity for specic heavy metal ions and its capacity to capture
roduced from ref. 185 with permission from Elsevier, Environmental
chanisms of nitrogen removal by microalgal cells in wastewater (b)
Science and Ecotechnology, vol. 13, p. 100205, Copyright 2023, and
icroalgae (solid lines, under sufficient phosphorus conditions; dotted
35 with permission from Elsevier, Science of the total Environment, vol.
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can be assessed by evaluating the chemical structure of target
metal ions.185 Table 2 summarizes the remediation of majority
of heavy metals ions by microalgae.
5.5. Nutrient's removal from wastewater by AMBRs

It is well known that the wastewater from the domestic sources
generally contains organic contaminants along with nutrients,
including nitrogen and phosphorus-containing compounds,
which can lead to eutrophication.44 Current water treatment
technologies for removing nitrogenous and phosphorous
compounds mainly rely on separation processes, including
electrochemical reduction, activated carbon adsorption, advanced
oxidation processes, ion exchange, electrodialysis, and reverse
osmosis. However, these methods face several challenges, such as
high installation and operational costs, as well as the generation of
concentrated brine, which further augment expenses incurred for
additional treatment. In contrast, biological processes based on
heterotrophic microorganisms are preferred owing to their low
costs and generation of harmless gases such as nitrogen. However,
they also necessitate the availability of labile organic carbon to
donate electrons for accelerated microbial grow and to take up
nitrate electron acceptance.

The use of algal consortia and the symbiotic relationship
between bacteria and algae relative has been demonstrated to
be more advantageous compared to using pure algal strain.233

Additionally, the combination of Chlorella vulgaris and bi-
osurfactants has proven to be a superior approach for nutrient
removal especially from petrochemical wastewaters.234 In acti-
vated sludge systems, bacteria decompose organic matter and
yield CO2, which is consumed by algae during photosynthesis,
expressing an excellent symbiotic relationship. During photo-
synthesis, microalgae generate oxygen, which serves as a crucial
electron acceptor for aerobic bacterial degradation of pollut-
ants. The exact phycoremediation pathways for nutrient
removal may vary depending on the microalgal strains and
Fig. 12 Miscellaneous applications of AMBRs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
consortia used, and include assimilation, biodegradation,
sorption, and bioaccumulation, as shown in Fig. 11(b and c).

Recently, the performances of algae-activated sludge
membrane bioreactor (AAS-MBR) and electro algae-activated
sludge membrane bioreactor (e-AAS-MBR) has been compared
with conventional MBR and e-MBR systems.68 The co-culture of
algae and activated sludge increased NH3–N removal efficiencies
of AAS-MBR and e-AAS-MBR 43.89 and 26.6% higher than that in
the conventional MBR and e-MBR, respectively. Similarly, PO4

3−–P
removal efficiency was also found to be 6.43 and 2.66% higher in
AAS-MBR and e-AAS-MBR relative to their counterparts. A signi-
cant reduction in membrane biofouling (57.30–61.95%) was also
observed in both systems. Further modication in AMBR systems
were achieved the performance evaluation of a microalgal-
activated sludge membrane bioreactor (MAS-MBR) as a self-
biological treatment or as a post-treatment for conventional bio-
logical treatments. Remarkably, high removal efficiencies of 94.36
± 3.5% for ammonium and 88.37 ± 3% for phosphorus were
achieved.93 Additionally, a lab scale AMBR, operating under 12 h
dark/light cycle in continuous experiments, was investigated for
nutrients removal and the reduction of anionic surfactants and in
biofouling.226 The algal assimilation achieved a total nitrogen
removal of 52% and total phosphorus removal of 36% however,
the presence of nitrite (NO3–N) contents (>85%) in the effluent
depicted that the nitrication and denitrication processes did
not occur in the AMBR. Bacterial oxidation resulted in a 96%
removal of BOD and 99% removal of anionic surfactants without
requiring any external aeration source. The same group of
researchers evaluated the effect of organic loading rate on the
performance of microalgal MBRs to treat synthetic wastewater.236

Microalgal MBRs achieved up to 94% organic removal through
bacterial oxidation without external aeration. Total nitrogen (TN)
and total phosphorus (TP) removal rates with increasing organic
loading rate (OLR). The highest TN (68.4%) and TP removal
(37.7%) were achieved at an OLR of 0.014 kg dm−3. Further
RSC Adv., 2025, 15, 49030–49062 | 49055

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra08065g


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/2
1/

20
26

 6
:4

5:
25

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
enhancement in nutrient removal could be accomplished through
the deployment of hybrid bioreactors. For instance, a group of
researchers has explored the performance in terms of oxygen
production and nutrient utilization of an algal strain Chlorella
vulgaris at different organic/inorganic carbon (OC/IC) and
ammonium/nitrate (NH4

+–N/NO3−–N) ratios in a hybrid aerobic
membrane bioreactor (MBR) and membrane photobioreactor
(MPBR) system.228 The ndings revealed that 100% removal of
PO4

3−–P, 75% and 27% removal pf NH4
+–N, and NO3–N, respec-

tively was achieved. The performance evaluation of different
AMBR systems in terms of nutrients removal is summarized in
Table 2.
5.6. Miscellaneous applications of AMBRs

Beyond wastewater treatment, AMBRs hold signicant potential
for producing various value-added products, including biofuels
such as biodiesel, bioethanol, and biogas, as well as high-valued
compounds (i.e., pigments, antioxidants, and pharmaceuticals).
Additionally, AMBRs contribute to the production of animal
feed and nutrient-rich fertilizer.70,237,238 Algal biomass serves as
a promising feedstock for biofuel production, though chal-
lenges remain in achieving cost competitiveness with conven-
tional fuels.239

AMBRs also play a pivotal role in carbon capture by utilizing
carbon dioxide from ue gases and industrial processes,
thereby reducing greenhouse gas emissions. In aquaculture,
they support the farming of algae and aquatic plants, providing
a sustainable food source for sh and other organisms residing
in water. Furthermore, AMBRs effluents serve as a nutrient-rich
fertilizers for agriculture and horticulture applications.240

A number of variables, including product value, market
demand, production efficiency, and operating expenses, affect
these applications' feasibility and economic potential. While
some value-added products derived from AMBRs have gained
commercial success, large-scale biofuel production remains
economically challenging.241,242 However, ongoing technological
advancements, optimized processes, and market development
continue the applicability of AMBR for their extensive imple-
mentation and commercialization. A brief illustration of diverse
applications of AMBRs is given in Fig. 12.

The selection of biomass valorization routes strongly
depends on the wastewater composition and reactor congu-
ration. Municipal or nutrient-rich effluents typically yield
protein-rich biomass suitable for biofertilizers or animal feed,
whereas high-carbon industrial effluents favor lipid accumula-
tion for biofuel production.243 Systems treating pharmaceutical
or metal-bearing wastewaters oen produce biomass enriched
with specic metabolites or bound metals, guiding its use
toward bioproduct recovery rather than feed applications.
Fig. 12 illustrates these relationships between feed character-
istics, AMBR conguration, and downstream utilization.
6. Economic viability of AMBRs

Algal-based membrane bioreactors provide an ecologically
sound substitute to traditional wastewater treatment processes
49056 | RSC Adv., 2025, 15, 49030–49062
for the elimination of ECs, although their economic feasibility
is still being investigated. In contrast to conventional MBRs,
AMBRs have the ability to lower operating expenses by elimi-
nating the requirement for mechanical air circulation, as
microalgae create oxygen spontaneously during photosynthesis.
This can result in energy reductions of up to 30–50%, which is
substantially high, considering that aeration accounts for
a large portion of the total consumption of energy in MBRs. In
addition, AMBRs help with recuperation of nutrients and
carbon dioxide collection, giving ecological and nancial
benets. However, the initial investment of AMBRs is oen
greater due to the requirement for dedicated photobioreactor
infrastructures illumination systems, and the difficulties asso-
ciate with preserving ideal algal conditions for their optimized
development. Membrane fouling, which is aggravated by algal
biomass buildup, increases up maintenance costs. Regardless
of these hurdles, the nancial picture increases when collected
algal biomass is considered, since it may be transformed into
biofuels, livestock feed, or valuable bioproducts like pigments
and medicines. According to life cycle cost evaluations, while
present AMBR systems are not currently nancially-competitive
at large-scale, technical developments, new membrane
components, and method coupling with current wastewater
systems might drastically reduce expenses over time. Reported
capital costs for AMBRs typically range from USD 1.2–2.0
million per minimal liquid discharge (MLD), which is signi-
cantly lower than the 1.8–2.5 million per MLD reported for
conventional MBRs.244 Low operating costs can be achieved by
addressing reduced aeration and sludge handling require-
ments.245 Energy consumption generally lies between 0.45 and
0.8 kWh m−3, compared with 0.8–1.1 kWh m−3 for standard
MBRs. These attributes suggest that AMBRs can achieve
comparable performance with modest energy and cost savings.
In short, AMBRs are a promising option for ecologically sound
wastewater management in the future due to their multifunc-
tional advantages and capacity for recuperation of resources,
even though they currently face nancial limitations when
compared with existing technologies.246

7. Future prospects and challenges

AMBRs have shown promise in eliminating toxic and hazardous
pollutants from wastewater. Compared to traditional treatment
methods, AMBRs offer several advantages, including low energy
requirements, high removal efficiency, and the potential for
value-added byproducts. Although AMBRs provide novel solu-
tions, their dependence on algal species may be challenged due
to possible uctuation in algal development and effectiveness
under different environmental circumstances, which might
limit their general acceptance in wastewater treatment tech-
niques. Several challenges must be addressed to fully realize
their potential. Key obstacles may include biomass or inhibition
of bacterial and algal cell. Overcoming these challenges
requires research focused on improving reactor design, opti-
mizing process parameters, integrating complementary tech-
nologies, and expanding applications beyond wastewater
treatment.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Future advancements are likely to emphasize the develop-
ment of advanced AMBRs combined with bioenergy production.
Research should also explore novel materials, including
improved membranes and microbial consortia, as well as
hybrid treatment methods. Despite progress in incorporating
phosphate-solubilizing bacteria (PSB)and microalgae into
MBRs for wastewater treatment, the metabolic activity of
common bacteria remains relatively low in practical applica-
tions. Thus, further efforts are needed to lter and cultivate
efficient microbial strains for treating refractory industrial
effluent. The future prospects for AMBRs in sewage treatment
are encouraging, especially in terms of tackling intriguing
contaminants. However, continuous research is required to
develop algal–bacterial combinations and increase operational
specications including HRT and material loading rates in
attempt to improve pollution removal capacity. Incorporating
sophisticated treatment technologies, such as forward osmosis
and nanotechnology, might also improve the efficiency and
long-term viability of AMBRs. Life cycle studies and techno-
economic analyses will be critical in establishing the feasi-
bility of AMBRs as opposed to traditional techniques, conrm-
ing that they are both nancially and ecologically viable.

Over the past two decades, signicant progress in genetic
engineering has enabled the development of highly efficient
microbial strains. These developments will facilitate more
effective and streamlined solutions to existing challenges.
However, maintaining stable and efficient treatment in MBR
systems under extreme environmental conditions, such as
a wide pH range and high salinity loading, remains a signicant
challenge. Additionally, membrane biofouling in high biomass
environments signicantly limits the widespread application of
MBR technology.

Microorganism immobilization technologies offer a prom-
ising approach to mitigating these problems. Efforts should
also be directed on lowering maintenance and operating costs
and enhancing commercial viability and scalability. Despite
these difficulties, AMBRs have extremely bright futures in the
wastewater treatment industry. Innovative technologies like
AMBRs are crucial for tackling these issues as water scarcity and
pollution become more urgent worldwide concerns. To enable
their broad adoption and optimize their impact in wastewater
treatment, AMBRs require ongoing support and funding for
research and development. Furthermore, solving difficulties
such as membrane fouling and harvesting performance is
critical for developing AMBR systems for commercial use. In
conclusion, AMBRs provide a practical and sustainable solution
to the growing demands of water resource management and
wastewater treatment. Ultimately, the emergence of AMBRs has
the potential to signicantly contribute to the sustainable
economy and recuperation of resources in the handling of
wastewater.

8. Conclusions

This research provides an in-depth analysis of the increasing
integration of microalgae in membrane bioreactors (MBR) for
the removal of industrial wastewater and other contaminants.
© 2025 The Author(s). Published by the Royal Society of Chemistry
AMBRs have demonstrated efficient removal of EPs, such as
personal care products and pathogens, even at shorter
hydraulic retention times compared to conventional municipal
wastewater treatment facilities. This suggests that AMBRs could
be commercially implemented while requiring less space.

Since municipal wastewater treatment plants typically
produce effluents with low BOD, COD, and TSS, AMBRs offer
a viable solution for handling EPs. Additionally, AMBRs help
prevent antibiotic-resistance bacteria from contaminating
microalgal cultures while preserving biomass within the hybrid
system. These reactors can potentially produce 50–100 mg per
liter of algae per day, with phosphorus and nitrogen removal
efficiencies ranging from 23–98% and 21–97%, respectively.
Looking forward, algal-based membranes and AMBR systems
hold strong potential for sustainable wastewater treatment and
nutrient recovery. Their biological and physical synergy enables
efficient removal of nutrients, organics, and emerging pollut-
ants at lower energy costs. Key benets include reduced sludge
generation, self-supplied oxygen through algal photosynthesis,
and opportunities for biomass valorization. However, some
serious drawbacks (i.e., membrane fouling from extracellular
biopolymers, limited durability of polymeric membranes,
uneven light distribution, and scale-up challenges) associated
with AMBR technology need to be signicantly addressed.
Future research progress may rely on anti-fouling surface
modications, photoactive and hybrid ceramic polymeric
membranes, and improved reactor hydrodynamics to enable
stable and large-scale applications in pollutants removal.
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