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Abstract: The attached microalgal–bacterial consortium (microalgae–bacteria biofilm, MBBF) has
been increasingly recognized in wastewater treatment for its superior pollutant removal efficiency,
resilience to toxic substances, and improved harvesting performance. This review initially discusses
the advantages of MBBFs compared to activated sludge and suspended microalgal–bacterial consortia.
These advantages stem from the coexistence of pollutant removal pathways for the bacteria and
microalgae in MBBFs, as well as the synergistic interactions between the microalgae and bacteria that
enhance pollutant removal and resilience capabilities. Subsequently, the establishment of the MBBF
system is emphasized, covering the establishment process, influencing factors of MBBF formation,
and the utilization of photobioreactors. Lastly, the challenges associated with implementing MBBFs
in wastewater treatment are deliberated. This study aims to present a detailed and comprehensive
overview of the application of MBBFs for wastewater treatment and biomass production.

Keywords: wastewater; microalgal–bacterial consortium; biofilm; photobioreactor; pollutant removal

1. Introduction

The application of microalgal–bacterial consortium (MBC)-based wastewater treat-
ment has gained recognition as a potent method for pollutant elimination, offering com-
petitive advantages in pollutant removal, carbon neutrality, and the potential for valuable
chemical production [1,2]. The symbiotic interplay between microalgae and bacteria in-
volves the exchange of metabolic byproducts, diverse pathways for pollutant removal,
and the reinforcement of structural stability. These synergistic interactions enhance the
metabolic activity and environmental tolerance of microorganisms, simultaneously improv-
ing pollutant removal and biomass harvesting. For instance, the incorporation of symbiotic
bacteria resulted in a 22.1% improvement in chemical oxygen demand (COD) removal
efficiency, a 20% increase in total nitrogen (TN) removal, and an 8.1% enhancement in total
phosphorus (TP) removal by Chlorella. Additionally, concentrations of chlorophyll a, b,
and carotenoids exhibited respective elevations of 35.7%, 20.9%, and 11.2% [3]. However,
considering the intricate nature of wastewater composition, elevated pollutant concentra-
tions, and the presence of various toxic substances in contemporary wastewater treatment
processes, conventional MBCs face challenges in maintaining stable and efficient treatment
capacities under such complex wastewater conditions.

MBCs exist in suspended, granular, and biofilm configurations [4]. In a suspended
MBC, the biomass is relatively dispersed due to the small size of the microorganisms’ cells
and the negative surface borne by the microalgae. These factors induce cell repulsion,
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resulting in a lower proportion of microorganism biomass and susceptibility to outflow
losses. Therefore, maintaining stable sewage treatment efficiency and managing down-
stream microalgae harvesting costs pose challenges for the suspended MBC [5]. A granular
MBC effectively overcomes the limitations of a suspended MBC. However, its broad im-
plementation encounters hurdles such as the complexity of MBC particle formation and
granulation, along with the high expenses of embedding substrates [4]. An alternative
approach is an attached MBC, which entails selectively adsorbing bacteria and microalgae
onto an inert carrier surface to establish a microalgae–bacteria biofilm (MBBF). The MBBF
mitigates the light attenuation caused by the high biomass in a suspension MBC. Increased
secretion of extracellular polymeric substances (EPSs) bolsters the MBC’s resistance to
external disruptions, thereby enhancing sewage treatment efficacy. Moreover, the ease of
biomass harvesting in an MBBF also contributes to lowered energy consumption during
subsequent biomass separation [6].

Compared to conventional activated sludge processes and suspended MBCs, the
symbiotic relationship between microalgae and bacteria in an MBBF confers notable ad-
vantages in biomass harvesting and pollutant removal. This is primarily attributed to the
photosynthetic activity of microalgae and the oxidative decomposition facilitated by bacte-
ria. To be more specific, firstly, MBBFs exhibit heightened biomass levels and wastewater
treatment efficacy. The metabolic byproducts of the bacteria supply carbon sources and
growth hormones for microalgae growth, thereby sustaining robust growth and metabolic
activity [4]. Simultaneously, the diverse pollutant removal pathways inherent in MBCs effi-
ciently reduce the concentrations of various pollutants (carbon, nitrogen, and phosphorus)
to exceedingly low levels [7]. Secondly, MBBFs exhibit superior resilience against shock
loads. The EPSs secreted by the bacteria facilitate MBCs’ adhesion to the carrier surface
(e.g., the polyvinyl chloride of plastic materials and polypropylene of synthetic fibers),
forming a protective barrier that enables the MBBF to withstand harsh environments (e.g.,
dry conditions, extreme pH levels, and temperature fluctuations) and counteract toxic
agents [8]. Thirdly, MBBFs demand lower energy input. The microalgae’s photosynthesis
yields O2 for bacterial metabolism, thereby curtailing aeration energy consumption. In turn,
the bacteria provide CO2 to the microalgae, lessening the necessity for additional carbon
sources. Furthermore, unlike suspended MBCs, where light attenuation restricts light
exposure to only one-third of cells, the formation of MBBFs ensures adequate illumination
for all cells [9].

However, the efficiency of MBBFs is frequently impeded by an extended initiation
phase, with material characteristics and external factors significantly influencing the dura-
tion of MBBF formation. For instance, excessive light intensities might impede microbial
synthesis metabolism, thereby delaying the formation of the MBBF [10]. Additionally, neg-
atively charged carriers might resist microbial attachment [11]. In light of the effective and
reliable pollutant treatment capacity of MBBFs, it is essential to comprehensively grasp its
principles and structure, laying the foundation for broader-scale applications and ongoing
improvement in the future. Therefore, the purposes of this study are as follows: (1) Thor-
oughly expound on the advantages of MBBFs compared with other wastewater treatment
strategies, highlighting the competitiveness of MBBFs in pollutant treatment and energy
recovery. (2) Delve into the principles underpinning the use of MBBFs for wastewater treat-
ment, including various pollutant removal pathways (carbon, nitrogen, and phosphorus)
and the synergistic interactions between bacteria and microalgae. (3) Introduce the strategy
of establishing MBBFs, detailing the biofilm formation process, fundamental principles, in-
fluential factors, and the utilization of photobioreactors (PBRs). (4) Address the challenges
encountered in the application of MBBFs and outline future research priorities.
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2. Advantages of MBBFs in Comparison with Other Wastewater Treatment Technologies

Compared to traditional wastewater treatment strategies, the presence of bacteria
in MBBFs amplifies the metabolic activity of microalgae and enhances their adaptability
to complex wastewater compositions, thus endowing them with the capacity to break
down emerging pollutants such as antibiotics and heavy metals. Furthermore, due to
the heightened aggregation of microorganisms in the biofilm structure, it simplifies the
collection process without significant losses, as compared with suspended MBCs. The
extracted valuable compounds, such as fucoxanthin and fatty acids, from the increased
biomass not only serve as raw materials for biofuels, animal feed, and other applications,
but also elevate the economic benefits associated with this technology. Additionally, the
utilization of MBBFs for carbon sequestration is gaining attention as a viable approach for
handling high-concentration CO2 emissions from flue gases.

2.1. Emerging Pollutant Removal

MBBFs have demonstrated remarkable efficacy in the removal of emerging pollutants
such as antibiotics and heavy metals, highlighting their broad applicability in wastewater
treatment. Table 1 summarizes the elimination capacities and mechanisms underpinning
the removal of emerging pollutants when employing MBCs. Kuang et al. [12] devel-
oped an electroactive biofilm composed of electroactive bacteria (Geobacteraceae and
Pseudomonas) and marine microalgae (Pseudooceanicola and Hoeflea) to treat seawater
aquaculture wastewater, achieving remarkable simultaneous removal efficiencies of 99.25%
for sulfamethoxazole and 98.25% for Cu2+. In another study, a mixotrophic photoelec-
troactive biofilm reactor was operated which incorporated light intensity regulation for
microalgae and extracellular electron extraction for bacteria, effectively achieving enhanced
nutrient removals (65% NH4

+-N, 95% PO4
3−-P, and 52% sulfamethoxazole) [13]. Moreover,

MBBFs effectively eliminated a range of heavy metals from wastewater streams, such as
chromium, copper, and cadmium, through the biological processes of adsorption and bioac-
cumulation [14]. A similar observation was also achieved when applying an MBBF to treat
Se-rich aquaculture wastewater, which successfully reduced the Se level from 115 µg/L
to 18.7 µg/L, and 21.8 mg/kg of Se was accumulated by the MBBF [15]. The increased
adaptability of MBBFs to antibiotics could be attributed to the following factors: (1) Mi-
croorganisms engage in metal ion absorption through biological adsorption mechanisms.
This process entails metal ions adhering to cell surfaces via physical adsorption, van der
Waals forces, ion exchange, chelation, or inorganic microprecipitation mechanisms [16].
Approximately 21.8 mg/kg of Se was attached onto the cell surface by the MBBF before
being assimilated by cells through binding transporters [15]. (2) The EPS secreted during
MBBF formation establishes a shielding barrier against toxic substances, effectively averting
direct contact between microorganisms and harmful compounds. The diffusion coefficient
of antibiotics in polysaccharides or glycoproteins is only 36–76% compared to that in
water [17]. Antibiotic-degrading bacteria, such as Pseudomonas, are shielded by the EPS
produced by the microalgae microbiota, thereby ensuring the stability of antibiotic removal
processes [18]. (3) Microalgae play a pivotal role in assisting bacteria in the breakdown
and metabolism of antibiotics. Upon external stimulation, microalgae release extracellu-
lar enzymes dedicated to degrading antibiotics into smaller, more easily metabolizable
molecules absorbed by bacteria [19]. For instance, subsequent to the initial degradation of
norfloxacin by Chlorella vulgaris, the ATP levels and norfloxacin removal rates of activated
sludge escalated significantly by 1.26 times.
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Table 1. Removal of emerging pollutants by, and mechanisms of, MBCs.

Microalgae–Bacteria
Consortium

Emerging Pollutants
Types

Pollutant
Concentration

Removal
Efficiency

Removal
Mechanism Reference

Mud from Sanyuan
Lake and Scenedesmus

obliquus FACHB-12
Chlortetracyc (CTC) 80 mg/L CTC: 79.7 ± 2.2%

Biosorption and
enzymatic

biodegradation
[12]

C. vulgaris and B.
licheniformis

Oxytetracycline (OTC)
and enrofloxacin (EFX)

OTC < 5 mg/L,
EFX < 1 mg/L

OTC: 97.84~99.76%
EFX: 42.68~42.90%

Photodegradation
and biological

effects
[13]

Sediments mixed with
the aquaculture waster

for the formation of
the MBBF

Se 115 ± 5 µg/L Se: 83.74% Sulfate pathway [15]

H. pluvialis and
activated sludge

Sulfamethoxazole
(SMX), Tetracycline
and Erythromycin

(ERY)

ERY (100 mg/L),
SMX (100 mg/L)

and TET
(37.3 mg/L)

SMX: 97.08%
ERY: 98.15%
TET: 89.73%

Biosorption [20]

Scenedesmus almeriensis
biomass was

harvested from an
HRAP

Tetracycline (TTC),
ciprofloxacin (CPF),
sulfadiazine (SDZ)

and sulfamethoxazole
(SMX)

100 µg/L

TTC: 99.9%
CPF: 78.0%
SDZ: 52.6%
SMX: 5.0%

Biosorption and
biodegradation [21]

Chlorella sorokiniana
and Brevundimon

Cephalexin (CEP) and
Erythromycin (ERY) 50 µg/L CEP: 96.54 ± 5.31%

ERY: 92.38 ± 3.13% Biodegradation [22]

Chlorella sp., Spirulina
platensis and
Artemia sp.

Ketoprofen 16 mM degraded up to
16 mM ketoprofen Biodegradation [23]

Photo-rotating
biological contactor:

Ulothrix sp.
Cu 80–100 mg/L Cu: 50% Biosorption [24]

Chlorella sp. and
B. tropica Hg 0.041 mg/L Hg: 86% Biosorption [25]

2.2. High Value of Microalgal–Bacterial Biomass

The microalgal–bacterial biomass of MBBFs has been emphasized as a sustainable and
abundant biological resource, boasting the potential for biofuel production and high-value
chemical extraction [26]. On the one hand, MBCs synthesize more substantial lipid reserves
during their growth as compared with many terrestrial plant species [27], rendering them a
promising source of biofuel. Additionally, the use of MBBFs present advantages in terms of
reduced harvesting costs and higher biomass yields than suspended MBCs, positioning it as
a potentially ideal strategy for biofuel production [7]. Ge et al. [28] showed that under mixed
nutrient conditions in wastewater treatment, the simultaneous enhancement of nutrient
removal and lipid production in Chlorella vulgaris underscored the potential for utilizing the
microalgal–bacterial biomass cultured in wastewater as biofuel feedstock. MBCs exhibit
the capacity to yield diverse types of sustainable biofuels, including biodiesel derived
from microalgae lipids, biohydrogen generated by photobiological reactions, biomethane,
and bioethanol produced through an anaerobic digestion process. Among these, the
biodiesel synthesis through the ester exchange reaction of algal oil stands out as a highly
effective method for biofuel production. Glycerol plays the predominant component of
biodiesel, comprising up to 1 kg per every 10 kg of biodiesel [29]. Biodiesel not only curtails
CO2, hydrocarbons, and carbon monoxide, but also functions as a direct alternative for
compression ignition engines or as a supplementary component to conventional fossil diesel.
Certain unicellular green microalgae exhibit the capability to produce hydrogen through
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photolysis, using water and sunlight as energy sources. In anaerobic conditions, anaerobic
bacteria stimulate the microalgae hydrogenase to reverse and generate hydrogen [30].
The cell wall of an MBC contains a significant amount of cellulose and starch, which
serve as substrates for anaerobic digestion aimed at producing methane and ethanol [31].
Nevertheless, the dense structure of the cell wall poses challenges for its hydrolysis and
acidification processes.

On the other hand, the microalgal–bacterial biomass holds notable edible and medici-
nal value attributed to the presence of diverse antioxidant compounds, such as carotenoids,
phenols, and vitamins [32]. The consumption of antioxidant-rich foods shields the body
against oxidative stress damage induced by reactive oxygen species, potentially augment-
ing human longevity [33]. Qiu et al. [34] unveiled that microalgae cultivated in wastewater
possessed remarkable antioxidant properties, making them an effective alternative feed
for fruit flies. Astaxanthin, a potent carotenoid, exerts effective inhibition against lipid
peroxidation induced by free radicals, manifesting antioxidant, anti-aging, anti-tumor, and
preventive attributes concerning cardiovascular and cerebrovascular diseases. Its ability
to scavenge free radicals surpasses that of carotenoid by more than 10 times and eclipses
vitamin E’s potency by over 100 times. Rainy red microalgae contain substantial astaxanthin
content, constituting 4–7% of the cells’ dry weight, positioning them as the premier biologi-
cal source for natural astaxanthin production [35]. Another recently researched carotenoid,
fucoxanthin, exhibits promise in mitigating oxidative damage induced by reactive oxygen
species and hydrogen peroxide. Its anti-obesity, anti-tumor, and anti-inflammatory proper-
ties designate it as a highly anticipated contender for drug development [36]. Phaeodactylum
tricornutum has been shown to achieve the simultaneous synthesis of medium-chain fatty
acids and fucoxanthin while concurrently removing nitrogen during wastewater treatment
processes [37].

2.3. Carbon Capture

The utilization of microalgae in MBBFs for capturing industrial CO2 has been exten-
sively documented in the literature, with the potential to reduce carbon emissions by up to
50% [38]. Theoretically, one hectare of microalgae could sequester a maximum of 513 tons of
CO2 per year to produce 280 tons of dry biomass, with a carbon capture rate of 1.83 tons per
ton of biomass, positioning microalgae platforms as the most suitable technology for carbon
capture [39]. Valdovinos et al. [40] achieved a notable CO2 capture rate of 102.13 tons per
year per hectare through the cultivation of Chlorella in waterway ponds. Within MBBF
systems, the microalgae release dissolved organic carbon for bacterial consumption, while
the bacteria mineralize sulfur, nitrogen, and phosphorus to facilitate the continued growth
of the microalgae [41]. Compared to other carbon capture technologies, the utilization of
MBBFs for CO2 capture is deemed an optimal approach due to their capacity in resource
recovery, utilization of wastewater as a nutrient source, and enhanced CO2 absorption
properties [15].

In open systems, microalgae have the ability to maintain atmospheric CO2 concen-
trations at 400 ppm and even survive in smoke containing up to 150,000 ppm of CO2 [42].
Their exceptional tolerance enables them to thrive in direct exposure to flue gas emitted
by thermal or coal-fired power plants. Currently, microalgae carbon capture technology
has been extensively employed for the large-scale purification of industrial flue gases. For
instance, in a carbon capture project in Inner Mongolia, microalgae were utilized to absorb
CO2 from the flue gas of coal-fired power plants, sequestering 20,000 tons of CO2 annu-
ally and generating 600,000 tons of methanol and biodiesel [39]. Another carbon capture
facility, based on a pilot-scale microalgae system, boasted a total CO2 capture capacity of
320,000 tons per year [43].
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3. Pollutant Removal Pathways and Collaborative Mechanism of MBBFs
3.1. Multiple Pollutant Removal Pathways

As a promising technology for achieving low-carbon wastewater resource recovery in
the future, MBBFs necessitate a comprehensive understanding of their pollutant removal
mechanisms and the microbial interactions within biofilms for industrial applications.
Figure 1 summarizes the diverse metabolic pathways through which MBCs remove pollu-
tants, as mentioned in previous studies, including assimilation (nitrogen and phosphorus
removal) and photosynthesis (carbon removal) by microalgae as well as nitrification–
denitrification (nitrogen removal) and polyphosphate aggregation (phosphorus removal)
by bacteria [4,7]. Through the synergistic effects of multiple metabolic pathways and the
interactive dynamics between bacteria and microalgae, MBBFs exhibit the capability to
diminish pollutants to exceptionally low levels.
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Figure 1. Pollutant removal pathways of MBBFs, including carbon removal, nitrogen removal, and
phosphorus removal. AOB: ammonia-oxidizing bacteria; AOA: ammonia-oxidizing archaea; NOB:
nitrite-oxidizing bacteria; DNB: Denitrifying bacteria; Comammox: complete ammonia oxidation;
Anammox: anaerobic ammonia oxidation; PAOs: polyphosphate-accumulating organisms; DPAOs:
denitrifying phosphate-accumulating organisms; Poly-P: polyphosphates; PHA: polyhydroxyalka-
noates; PHB: polyhydroxybutyrates; VFAs: Volatile fatty acid; GLS: glycolysis; CCM: CO2 concentra-
tion mechanism; GS/GOGAT: glutamine synthetase/glutamine oxoglutarate aminotransferase; TCA
cycle: Tricarboxylic acid cycle.
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3.1.1. Carbon Removal

In MBBFs, the removal of carbon pollutants primarily occurs through oxidative de-
composition by heterotrophic bacteria and heterotrophic and mixotrophic microalgae, as
well as through the activities of microalgae photosynthesis. On the one hand, microalgae
utilize both inorganic and organic carbon sources for growth. In environments with neutral
to acidic conditions (pH = 5–7), inorganic carbon predominantly exists as CO2, which
microalgae absorb into cells through passive diffusion driven by osmotic pressure. The
absorbed CO2 is subsequently converted into organic compounds, such as glucose, through
the Calvin cycle during the dark reaction stage, facilitated by ribulose-1,5-bisphosphate
carboxylase/oxygenase [44]. However, the pH of the wastewater gradually rises due to the
ongoing photosynthesis by the microalgae. Inorganic carbon primarily exists in the form of
HCO3

− when the pH exceeds 7, leading to an alkaline environment. Microalgae employ
extracellular carbonic anhydrase to actively transport HCO3

− into the cells, where it is
converted to CO2 before entering the Calvin cycle [45]. Regarding organic carbon sources,
glucose proceeds to the tricarboxylic acid cycle (TCA) after glycolysis, while acetate is
transformed into Acetyl-CoA that subsequently enters the glyoxylate cycle, tricarboxylic
acid cycle, and fatty acid synthesis pathway. Conversely, heterotrophic bacteria employ
organic carbon pollutants as electron donors and O2 as electron acceptors to oxidize and de-
compose carbon-containing organic matter into CO2 through mineralization. This process
enhances the photosynthetic efficiency of microalgae. Moreover, versatile microalgae could
simultaneously conduct photosynthesis and respiration, enabling the removal of both CO2
and organic carbon from wastewater [46].

3.1.2. Nitrogen Removal

The nitrogen removal pathways in MBBFs encompass assimilation by microalgae,
nitrification–denitrification, and anammox by bacteria. Wastewater typically contains two
forms of nitrogen: inorganic nitrogen and organic nitrogen, both of which could be utilized
by MBCs. Inorganic nitrogen consists of three primary forms: NH4

+-N, nitrate (NO2
−-N),

and nitrite (NO3
−-N). In alkaline environments (usually pH > 8), a portion of NH4

+-N
is converted into ammonia and eliminated through volatilization [47]. While physical
removal methods effectively eliminate a significant amount of nitrogen, particularly in
cases when the wastewater has a high NH4

+-N concentration (>1000 mg/L), biological
processes are still essential for further reducing nitrogen levels to the desired target.

Microalgae play a significant role in nitrogen assimilating, converting both organic
and inorganic nitrogen into amino acids. Prior to microalgae assimilation, all forms of
organic and inorganic nitrogen are converted into NH4

+-N. Enzymes such as nitrate
reductase and nitrite reductase facilitate the conversion of NO2

−-N and NO3
−-N into

NH4
+-N, while organic nitrogen compounds like urea and proteins are mineralized into

NH4
+-N through intracellular urease or extracellular periplasmic amino acid-supported

transformations [46,48–50]. Subsequently, microalgae convert NH4
+-N into amino acids

via two pathways: the glutamate dehydrogenase (GDH) pathway and the glutamine
synthetase/glutamine oxoglutarate transaminase (GOGAT) cycle [4].

Bacteria in MBBFs facilitate nitrogen removal through nitrification–denitrification and
anaerobic ammonia oxidation. Various types of bacteria are involved in these processes,
including ammonia-oxidizing bacteria (AOB), ammonia-oxidizing archaea (AOA), nitrite-
oxidizing bacteria (NOB), denitrifying bacteria (DNB), complete ammonia-oxidizing bacte-
ria (comammox), and anaerobic ammonia-oxidizing bacteria (anammox). These microbial
communities play crucial roles in the nitrification–denitrification process within the system.
Specifically, in the nitrification process, AOB/AOA oxidize NH4

+-N to NO2
−-N under

aerobic conditions, which is further oxidized by NOB to NO3
−-N. In contrast, comammox

bacteria have the ability to directly convert NH4
+-N to NO3

−-N. Comammox bacteria
demonstrate superior environmental adaptability compared to AOB/AOA, thriving in
extreme conditions such as high temperatures (up to 56 ◦C), low levels of dissolved oxygen
(~0.2 mg/L), and low NH4

+-N concentrations, making them a promising alternative for
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nitrogen removal [4]. In the denitrification stage, DNB convert NO3
−-N into nitrous oxides

(NO, N2O, and N2) through denitrification in the anoxic regions of the biofilm, requiring
organic carbon for energy metabolism [51,52]. Apart from the conventional nitrification–
denitrification, the unique metabolism, namely anammox, independently carries out the
nitrogen treatment process. With its elaborate enzyme system, anammox bacteria convert
NH4

+-N into NO2
−-N under anaerobic conditions and directly produce N2 [53]. This

metabolism is garnering more recognition for its oxygen-independency, minimal need for
additional carbon sources, reduced sludge generation, and substantial decrease in energy
consumption [54].

3.1.3. Phosphorus Removal

The biological pathways for phosphorus removal in MBBFs primarily involve microal-
gae assimilation and phosphorus accumulation by polyphosphate-accumulating organ-
isms (PAOs). Phosphorus assimilation by microalgae consists of two pathways: Firstly,
direct absorption of phosphorus for the synthesis of essential biochemical substances.
Phosphorus plays a crucial role in the metabolic processes of microalgae, particularly
PO4

3−-P, which is actively transported into microalgae, phosphorylated, and assimilated
into microalgae biomass (e.g., DNA, RNA, and lipids), as well as for ATP synthesis [55,56];
Secondly, polyphosphate (Poly-P) accumulation in microalgae. When exposed to high
phosphorus concentrations, microalgae tend to absorb excess phosphorus. Instead of
utilizing for growth, excess PO4

3−-P is preferentially stored within the cells in the form
of Poly-P to help microalgae cope with phosphorus-stressed environments [57]. Notably,
Chlorella vulgaris and Chlamydomonasreinhardtii exhibit exceptional phosphorus accumula-
tion capabilities, demonstrating higher phosphorus absorption capacities compared with
phosphorus-accumulating bacteria of equivalent mass [58].

PAOs follow common pathways for phosphorus removal by absorbing phosphorus
under aerobic/anaerobic conditions to produce Poly-P, which is subsequently released un-
der anaerobic conditions [4,7]. Specifically, in the absence of dissolved oxygen or NO3

−-N,
PAOs actively uptake fatty acids, amino acids, and glucose into the cell to synthesize
intracellular carbon storage compounds like polyhydroxyalkanoates (PHAs) or polyhy-
droxybutyrates (PHBs). The necessary energy is derived from the hydrolysis of Poly-P
and fermentation of intracellular sugars, resulting in the release of phosphates. In aerobic
conditions, PAOs regain activity and store excess phosphorus in the form of Poly-P beyond
growth requirements. The energy for phosphorus absorption and Poly-P synthesis is gen-
erated through the oxidative metabolism of PHAs/PHBs, storing high-energy bonds in
Poly-P to remove PO4

3−-P from water.
Moreover, two highly efficient bacteria, denitrifying polyphosphate-accumulating

organisms (DPAOs) and heterotrophic nitrification aerobic denitrification (HN-AD), have
gained attention for their ability to concurrently eliminate nitrogen and phosphorus. In
contrast to conventional PAOs which solely rely on O2 as the electron acceptor, DPAOs
utilize NO3

−-N/NO2
−-N as electron acceptors in the absence of O2, using intracellular

PHAs for denitrification and phosphorus removal simultaneously under hypoxic condi-
tions [59]. DPAOs have been shown to reduce COD and aeration energy consumption
by 50% [60]. Another type of phosphorus removal bacteria, HN-AD, incorporates the
process of heterotrophic nitrification and aerobic denitrification under aerobic conditions,
employing O2, NO3

−-N, or NO2
−-N as electron acceptors to oxidize organic substances

and promote phosphorus absorption, achieving excess phosphorus removal alongside
nitrification–denitrification [61]. For instance, the HHEP5 strain has demonstrated pro-
ficiency in simultaneous nitrification–denitrification and phosphorus removal (SNDPR),
achieving nitrogen and phosphorus removal rates exceeding 90% [62]. However, the lim-
ited abundance of DPAOs and the continuous need for an aerobic environment of HN-AD
impede their emergence as the source of the predominant metabolic reactions in MBBFs.
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3.2. Interactions between Microalgae and Bacteria in MBBFs

The diverse microalgae and bacteria communities in MBBFs foster intricate interac-
tions, including synergistic interactions wherein bacteria and microalgae mutually enhance
growth activities and resistance, as well as antagonistic interactions characterized by nu-
trient and space competition. These interactions are instrumental in establishing stable
community structures and upholding effective pollutant removal functionalities.

3.2.1. The Synergistic Interactions between Microalgae and Bacteria Enhance Growth
Activity and Resistance

The synergistic interactions between microalgae and bacteria are crucial in enhancing
metabolism and growth activities, ensuring the stability of biofilm systems and pollutant
removal. Figure 2 shows the primary mechanisms underlying this synergy, including
cross-feeding based on environmental and biological metabolites, transmission of signaling
molecules, and horizontal gene transfer [4,7,63]. On the one hand, nutrient exchange be-
tween microalgae and bacterial metabolites is a pivotal mechanism for fostering microbial
growth. The metabolites engaged in cross-feeding within MBBFs are categorized into
two groups: environmental chemicals and biological chemicals. Environmental chemicals
comprise O2 released through microalgae photosynthesis and CO2 through bacterial respi-
ration, small organic compounds derived from bacterial degradation of complex molecules,
and EPS. Specifically, bacteria utilize the O2 produced during microalgae photosynthesis
for respiration, subsequently releasing CO2, nitrogen, and phosphorus that enhance mi-
croalgal assimilation [64]. Conversely, microalgae (e.g., Chlorella vulgaris) supply organic
carbon (carbohydrates and proteins) to facilitate bacterial growth (e.g., AOB), leading to
a notable increase in the nitrogen rate to 294.5 mg N/L/d [64]. Moreover, EPSs contain
abundant functional groups, like carboxyl, amino, hydroxyl, and carbon groups, which
capture toxic chemicals (e.g., organic pollutants, heavy metals, and nanoparticles) provid-
ing stronger stability for MBBFs [65,66]. Biological chemicals encompass vitamins, growth
hormones, and trace elements secreted by both bacteria and microalgae. For instance,
vitamin deficiency is a common issue among microalgae, particularly in the case of vita-
min B12, which plays a critical role in the function of methionine synthase in microalgae.
Approximately 50% of identified microalgae species experience a deficiency in vitamin
B12. Research by Croft et al. [67] revealed that halophilic bacteria supplied vitamin B12 to
Amphidinium operculatum, and Thalassiosira pseudonana and its associated bacteria participate
in the cross-feeding of sulfur and vitamin B12 [68]. Moreover, Marinobacter sp. associated
with Scrippsiella trochoidea, generated a low-affinity iron chelator known as ferritin (VF),
significantly enhancing microalgae Fe uptake by 20 times [69].

On the other hand, the exchange of signaling molecules between bacteria and mi-
croalgae could serve as a potential mechanism for enhancing the metabolic activity and
resistance of MBBF. Signal molecules are substances that convey signal between cells,
controlling the transcription of functional genes by binding to specific receptors on the
cell surface or inside the cell to regulate the MBC behavior [70]. The primary signaling
molecule in MBBF is indole-3-acetic acid (IAA), an endogenous plant hormone present
in microalgae that can also be secreted by bacteria [71]. For instance, the microalgae C.
sorokiana released tryptophan (Trp) and thiamine in return for IAA produced by the bac-
terium A. brasilense [72]. Amin et al. [73] discovered that sulfur bacteria possessed the
ability to transform Trp released by diatoms into IAA by utilizing transcriptomics and
targeted metabolite analysis, consequently facilitating diatom cell division. Moreover,
N-acyl homoserine lactone (AHL) serves as another potent signaling molecule. According
to Zhou et al. [74], AHL released by bacteria interacted with homologous receptors close to
bacterial receptors (such as DNA-binding transcription factors known as R proteins) in the
Chlorophyta. This interaction stimulated the microalgae activity for synthesizing aromatic
proteins, promoting self-aggregation and aiding in biofilm formation. Ou et al. [75] further
verified that AHL mediated the initial adhesion of biofilms by altering the properties of
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electron donors on microalgae surfaces, including extracellular protein (PN) secretion, PN
secondary structure, and PN amino acid composition.
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In addition to nutrient exchange and signal transmission, horizontal gene transfer
(HGT) is also thought to boost the resistance of MBBFs. Multi-species systems possess
a broader array of genes compared to individual organisms, allowing microorganisms
to acquire novel gene functions through gene transfer and adapt to environmental chal-
lenges [76]. Through extended co-cultivation, microalgae acquire certain genes from
bacteria (e.g., encoding ferritin uptake, enzymes associated with the ornithine urea cycle,
and metal detoxification) to enhance their ability to adapt to Fe, nitrogen deficiency, and
heavy metal settings [6]. Zygnematophyceae acquired PYP/PYL/RCA-like ABA genes from
bacteria via HGT, enabling it to thrive in arid environments. The integration of bacterial
antibiotic and heavy metal tolerance genes into the genome through HGT has become a
common mechanism for microalgae to develop resistance to harmful substances. Wang
et al. [77] suggested that under conditions of high temperature and a high concentration
of blue microalgae, plasmids carrying antibiotic resistance genes were transferred from
Escherichia coli (donor strain) to blue microalgae cells (recipient strain), thereby augmenting
the system’s antibiotic resistance. Similarly, Hirooka et al. [78] discovered through genomic
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analysis that Chlamydomonas reinhardtii acquired the arsenate reductase and arsenate efflux
transporter genes from bacteria via HGT, thereby bolstering its resistance to arsenic and
markedly improving the ability of MBBFs to withstand heavy metals.

Therefore, the cross-feeding of metabolites between bacteria and microalgae dimin-
ishes extra energy consumption while bolstering system stability. Moreover, the reciprocal
impact of signaling molecules and HGT heightens the metabolic activity and resistance
of MBCs by modulating gene function, showcasing the potential of MBCs for pollutant
removal across diverse wastewater settings.

3.2.2. Competition and Antagonism between Microalgae and Bacteria

In situations of malnutrition, bacteria and microalgae engage in competition for nu-
trients and living space, and may even antagonize each other. This competitive dynamic
between bacteria and microalgae is often fueled by nutrient limitations and confronta-
tional interactions. For instance, Gonzalez et al. [79] found that AOB and microalgae
competed for NH4

+-N, resulting in reduced metabolic activity of microalgae. Under
conditions of carbon limitation, competition for CO2 may arise between nitrifying bac-
teria and microalgae. Additionally, certain bacteria and microalgae release specific toxic
substances to hinder the growth of other microorganisms and secure their survival in
challenging environments. On the one hand, certain metabolites of microalgae, like chlo-
ramphenicol, exhibit bactericidal properties against both Gram-positive and Gram-negative
bacteria [47,80]. The malyngolide produced by Lyngbya spp. inhibited bacterial quorum
sensing [81]. On the other hand, some bacteria release toxic compounds such as alkaloids
(e.g., quinolone derivatives) and functional enzymes (e.g., β-glucanase), which impact the
transcription of photosynthesis-related genes and impede electron transfer in microalgae.
For instance, quinolone derivatives hindered microalgae respiration, DNA, and protein
synthesis, whereas β-glucanase disrupted the cell wall of microalgae [82].

In conclusion, comprehending the synergistic and competitive mechanisms in MBBFs
aid in devising strategies to boost the metabolic activity and resistance of both bacteria
and microalgae. Enhancing the synergistic interactions within MBBFs and alleviating the
effects of antagonistic interactions set the stage for establishing more stable and efficient
MBBF-based wastewater treatment systems.

4. The Principle and Process of Establishing an MBBF
4.1. Establishment of an MBC

Establishing an ample MBC marks the initial stage of the MBBF membrane formation
process. This step directly influences the duration required and the initial structure for
MBC formation. In situ cultivation and artificial inoculation are the two primary methods
for establishing MBCs [4]. In situ cultivation involves exposing the target wastewater
directly to light, thereby selectively enriching and cultivating MBCs that are best suited for
the particular wastewater [83]. By directly exposing the wastewater to light, it is possible
to screen and enrich in situ microbial populations that possess strong adaptation and
pollutant removal capabilities for the specific qualities of the target wastewater. However,
this approach is constrained by the inadequate nutrient concentration within the wastewa-
ter, necessitating a longer duration to cultivate a sufficient microbial population. Zhang
et al. [84] undertook almost 3 years of light adaptation treatment and finally obtained an
MBC from rare earth element tailings wastewater.

Comparatively, artificial inoculation allows for the rapid acquisition of an ample
amount of MBCs with high pollutant removal capacity and a rapid growth rate [85]. This
approach involves enriching and cultivating specific strains of microalgae and bacteria with
high metabolic activity and resistance in an artificial culture medium. The enriched MBC
is then introduced into the target wastewater using adaptive laboratory evolution (ALE)
to attain a relatively stable diversity and performance. In general, ALE comprises three
strategies: (1) Inoculating the enriched MBC directly into the target wastewater for cyclic
cultivation until stable pollutant removal and biomass growth are achieved. Sun et al. [86]
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applied ALE to cultivate and acclimate Schizochytrium sp. to high salinity conditions,
achieving excellent growth and lipid production. (2) Gradually increasing the pollutant
loading to enhance the adaptability of microorganisms to wastewater. Qiu et al. [83]
gradually elevated the NH4

+-N loading by increasing centrate wastewater proportions,
achieving impressive nutrient removals and biomass growth. (3) Modifying the cultivation
environment, such as by optimizing culture medium and adjusting operating conditions,
effectively enhancing the adaptability of the MBC. Pang et al. [87] achieved an MBC
with markedly enhanced nitrogen (96%) and phosphorus (79%) removal efficiency by
progressively augmenting light intensity and shaking speed. Although numerous ALE
strategies have been documented, further research is still required to establish standardized
and effective adaptation methods.

4.2. MBBF Formation Process

MBCs utilize adhesive EPSs as a framework to adhere to carrier surfaces and establish
biofilm. The formation process of an MBBF generally includes three stages: adhesion,
attachment, and proliferation (Figure 3).
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4.2.1. Establishment of Biofilm on Carrier Surface

Adhesion stage. The adhesion represents the primary stage, whereby suspended bac-
teria and microalgae are propelled towards the surface of the carrier through a combination
of directional adsorption, gravity, hydraulic dynamics, and microalgae phototaxis. The
inclination of microorganisms towards favorable environments, such as light sources and
nutrients, can enhance their adhesion to carriers [88]. For instance, Fu et al. [89] leveraged
the phototaxis of MBCs and employed a light guide plate as a carrier to convert a linear
light source into a surface light source. This approach not only heightened the cell adhesion
rate but also optimized light transmission within the reactor.

Attachment stage. Microorganisms progress to the attachment phase upon reaching
the carrier surface. Microalgae, bacteria, and carriers engage in interactions with one
another, such as electrostatic interactions, leading to sequential reversible and irreversible
attachment. In reversible attachment, the cell membrane proteins of membranes and
microbial organelles (e.g., flagella and cilia) adhere to the carrier surface relying on various
forces such as electrostatic forces, van der Waals forces, surface tension, and adhesion
forces. However, this type of attachment is susceptible to external forces and detaches due
to the weak adhesion. Comparatively, the subsequent irreversible attachment involves the
attached MBC tightly adhering to the carrier by secreting EPSs, forming a primary biofilm
that is not easily detached or affected by the external environment.

Proliferation stage. The proliferation stage of the MBBF commences after the mi-
croorganisms have attached to the carrier. Based on the characteristics of the microbial
community structure, the MBBF’s growth stage is segmented into the EPS-developing stage
and the biomass proliferation stage. Ultimately, the microalgae and bacteria in the MBBF
establish a mature and stable MBBF network connected by EPSs [90].

4.2.2. EPSs Form the Backbone of Biofilms

EPSs, composed of polysaccharides, proteins, nucleic acids, humic acids, lipids, and
other substances secreted by microorganisms, play a crucial role in the formation of MBBFs
(Figure 3) [78]. EPSs are classified into the soluble EPSs (S-EPSs), loosely EPSs (L-EPSs),
and tightly EPSs (T-EPSs) based on their binding mode with microorganisms [91]. Due to
the solubility, S-EPSs facilitate the transfer of nutrients and metabolites between microor-
ganisms, thereby promoting intercellular interactions. The polysaccharides in L-EPSs and
T-EPSs possess high viscosity to capture cells, and the proteins in them are believed to
enhance the resistance of the MBC through aromatic accumulation and hydrophobicity,
which are essential for the stability and tolerance of MBBFs [4]. Therefore, EPSs serve the
functions of aggregating, connecting, and protecting microorganisms.

5. Factors Affecting the Formation of MBBFs

It is crucial to understand the influencing factors and process parameters to accelerate
biofilm formation and maintain the system stability of MBBFs. As such, this section
discusses the factors that affect the formation of MBBFs, including environmental factors,
biological factors, and carrier factors.

5.1. Environmental Factors

The primary environmental factors that influence the growth and adhesion of MBBFs
include the light [92], pH [93], CO2 concentration [94], and water flow rate [95].

Light. Firstly, light is a critical limiting factor in the growth process of algae through
light wavelength, intensity, and duration. The thickness and photosynthetic rate of an MBBF
increase as light intensity increases before reaching the light saturation point (LSP) [96].
Further increases above the LSP hinder the efficiency of pigment absorption and light energy
conversion in microalgae, leading to a final decreased biomass [97]. Similarly, excessive
light intensity suppressed bacterial activities such as AOB and NOB, resulting in the
variation of nitrogen removal pathways with nitrite accumulation [98]. Moreover, the light
cycle also influences the growth and reproduction of algal cells. Andrea et al. [99] posited
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that intermittent light enhanced the growth of MBBFs by 8.9% compared to continuous
light exposure, which was ascribed to the flashlight effect.

pH. The optimal pH for diverse microbial communities within MBBFs varies. In
particular, an environment with pH at 4.0–8.0 promotes MBCs’ aggregation to form biofilms,
whereas both extreme acidic and alkaline conditions inhibited the activities of MBBF [9].
When the pH ≤ 6, microalgae exhibit a negative zeta potential while bacteria exhibit
a positive charge, and the acidic environment promotes bacteria EPS secretion, which
both facilitate the formation of MBBFs [100]. However, highly acidic pH levels (<4.0)
markedly inhibit MBC activities, primarily by causing strong acid damage to the cell
walls of microalgae [101]. It is worth noting that the absorption of HCO3

− by microalgae
photosynthesis increases the pH above 10.0, which inhibits the Calvin cycle activity in
converting inorganic carbon into organic carbon [102].

CO2 concentration. While CO2 serves as the vital inorganic carbon source for MBBFs,
excessive concentrations of CO2 inhibit MBBF metabolic activity. Blanken et al. [103]
demonstrated that CO2 concentrations from 4% to 10% did not lead to significant changes
in microalgae growth, suggesting a saturation point in the utilization of CO2 by microalgae.
More seriously, only specially cultivated microalgae strains could adapt to CO2 concen-
trations exceeding 15% [100]. In addition, owing to the faster growth rate of bacteria
(0.5/h) in comparison to microalgae (0.2/d), O2 deficiency often occurs, highlighting the
importance of maintaining a delicate balance between O2 and CO2 to sustain the symbiotic
relationship between microalgae and bacteria [104]. On the other hand, the methods of
CO2 gas supply impact the stability of the MBBF. In PBRs utilizing non-submerged and
semi-submerged carriers (partially exposed to air), the MBBF directly absorbs CO2 from
the atmosphere via gas–solid phase transfer, where gas transfer to the biofilm surface only
needs to pass through a thin liquid film, therefore achieving low mass transfer resistance
and high transmission efficiency [105].

Water flow rate. Water flow velocity is a crucial factor influencing the formation,
biofilm development, and stability of MBBFs. At low flow rates, microbial communities
are easily attached to carrier surfaces due to weak hydraulic shear forces. In contrast, high
flow rates lead to denser biofilms with stronger adhesion to the carrier, stemming from the
squeezing effect of water flow [106,107]. Therefore, the water flow rates should be adjusted
according to the various stages of biofilm formation. During the early stage of biofilm
formation, lower flow rates enhance microbial adhesion, while higher flow rates generating
larger shear forces are not conducive to biofilm adhesion on the carrier surface [108]. In the
maturation stage, the flow rates should be appropriately increased to promote substrate
and gas mass transfer, as well as facilitate automatic biofilm renewal, while excessively low
flow rates may lead to the formation of thick biofilms, resulting in increased light blockage
and mass transfer resistance.

5.2. Biological Factors

The choice of microalgae species and the inoculation ratio of bacteria to microalgae
are additional critical factors.

Microalgae species. Eukaryotic microalgae are typically preferred as the inoculum for
MBBFs over blue–green microalgae for the following reasons [9]: (1) The growth of eukary-
otic microalgae is more manageable compared to blue–green microalgae. (2) Algal toxins
released by blue–green microalgae are harmful to bacteria. (3) The contents of high-value
substances in blue–green microalgae are notably lower than those in eukaryotic microalgae.
The selection of microalgae species should adhere to the principles of high productivity,
strong pollution removal capabilities, and stable dominance within MBBFs [9]. Currently,
Chlorella vulgaris and Scenedesmus are among the most frequently utilized microalgae species
due to their capacity to generate significant quantities of valuable byproducts like protein,
vitamins, and fatty acids, while effectively eliminating pollutants [9].

Inoculation ratio. Given the reliance of MBBF formation on bacteria-secreted EPSs, a
higher inoculation ratio of bacteria to microalgae is advantageous for MBBF development.
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Nguyen et al. [109] proved that the MBC biomass rose with the increase of ratios of activated
sludge (bacteria) to microalgae from 1:9 to 1:3, as activated sludge supplemented carbon
sources and enhanced the symbiotic relationship between the microalgae and bacteria.
However, when the inoculation ratio exceeded 1:3 and reached 1:1, the total MBC biomass
exhibited a declining trend as the high concentration of activated sludge impeded light
penetration and microalgae photosynthesis.

5.3. Carrier Factors

The carrier plays a vital role as the site for MBCs to develop biofilms, and its sur-
face properties have a substantial influence on the formation and metabolic activity of
MBBFs [110].

Carrier materials. The carriers used for MBBFs can be categorized into inorganic mate-
rials (such as ceramic particles, glass, stainless steel plates, and limestone), natural organic
polymer materials (including calcium alginate, agar, cotton, and wooden carriers), and syn-
thetic organic polymer materials (like polytetrafluoroethylene (PVDF), polyvinyl chloride
(PVC), polyethylene (PE), polypropylene (PP), nylon, polyurethane (PU), and polystyrene),
based on the material composition [11,111]. These carriers all possess favorable pore struc-
tures and larger surface areas, which facilitate the attachment of microorganisms and the
formation of biofilms.

Surface properties. In the selection of carriers, factors such as charge, hydrophilicity,
and biodegradability should also be taken into account: (1) Carriers with a positive charge
are more conducive to microbial adsorption as, during the adhesion stage, carriers primarily
adsorb microorganisms through electrostatic forces. In typical aquatic environments, the
pH generally exceeds the isoelectric point of microorganisms (around 3.5), resulting in a
negative charge on the surface of microorganisms due to the ionization effect of amino
acids. Therefore, MBBFs are more likely to form on the surfaces of carriers with a positive
charge [112]. (2) Hydrophobic carriers exhibit stronger and irreversible surface adsorption
compared to hydrophilicity due to the existence of water exclusion mechanism [113]. Ozkan
et al. [114] proved that within the first 4 min of the experiment, the adhesion rate of Chlorella
on hydrophobic surfaces was approximately three times higher than that on hydrophilic
surfaces, and the achieved adhesion density was also 2.7 times greater after 320 min. (3) The
carriers should be resistant to degradation by microorganisms and exhibit scarce toxic
effects on MBCs. Natural organic polymer materials like cellulose and paper are prone
to degradation by microorganisms, leading to a shortened service life of the carrier [115].
Metal materials such as copper and aluminum plates, while not subject to degradation,
release excessive metal ions that are toxic to microorganisms. Consequently, synthetic
organic polymer materials that are resistant to degradation and non-toxic, such as PE, PVC,
and foam materials, are regarded as ideal carriers.

6. Photobioreactor Suitable for Implementing MBBF Applications

In recent years, various types of PBRs based on MBBFs have been developed for
wastewater treatment. Based on whether the reactor directly interacts with the external
environment, PBRs are categorized into open PBRs and closed PBRs (Figure 4). An open
PBR allows direct exchange of CO2/O2 and other substances with the external environment,
while a closed PBR cannot facilitate gas exchange with the external environment. The
following section offers a comprehensive overview of the types and features of these two
PBR categories.
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6.1. Open Photobioreactor

An open PBR is exposed to the external environment, boasts a simple design, and oc-
cupies minimal space. Microorganisms within this system are highly influenced by external
factors, leading to an unstable community structure and pollutant removal efficiency.

6.1.1. Membrane Photobioreactor

A membrane photobioreactor (MPBR) leverages the adsorption capability of MBCs
to create biofilms on solid culture media, making it an efficient reactor for retaining MBC
biomass. The additional membrane components allow the MPBR to autonomously regulate
hydraulic retention time (HRT) and solid retention time (SRT), thereby preventing biomass
washout and attaining higher biomass concentrations. Luo et al. [121] implemented lower
HRT and SRT in a MPBR to elevate the nutrient load, successfully achieving 79% removal
of NO3

−-N and 78% removal of PO4
−-P. Gao et al. [122] also proposed the integration of a

microfiltration membrane module as a solid–liquid separator in a novel MPBR to enable
operation at higher culture medium flow rates, resulting in enhanced pollutant removal
efficiency (4.13 vs. 0.59 mg nitrogen/L/d and 0.43 vs. 0.08 mg phosphorus/L/d) and
microalgae biomass production (39.93 vs. 10.36 mg/L/d) compared to a conventional PBR.

Similar to other membrane bioreactors, membrane fouling is a significant limitation
in MPBR production. It not only decreases the lifespan of the membrane but also raises
operational expenses. Due to the formation of MBBFs requiring the skeleton of viscous
substances such as EPSs, membrane fouling of MBBF-based MPBRs is almost inevitable.
Currently, there are limited studies on MBBFs in MPBRs, highlighting the necessity for
additional experiments and research in this area.

6.1.2. Runway Photobioreactor

A runway photobioreactor (RPBR) utilizes natural light as a light and heat source, and
mixes the microorganisms within the pool by a pump or paddle wheel. In comparison
to a closed PBR, a RPBR offers several advantages: simple structure, ease of large-scale
cultivation, low construction and operating costs, and relatively lower production ex-
penses. Ketheesan et al. [123] developed a 23 L air lift RPB for diatom cultivation which
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achieved a maximum biomass dry weight of 0.19 g/L/day and a maximum CO2 utiliza-
tion rate of 33% at a CO2 by utilizing the concentration gradient to realize a self-driven
microorganism solution.

Currently, the primary challenges hindering the advancement of RPBRs include the
high energy consumption associated with disturbing the microalgae solution, light energy
losses, and low efficiency in CO2 utilization. Radmann et al. [124] discovered that the
photosynthetic capacity of spirulina decreased when the microalgae concentration reached
0.4–1.0 g/L in an RPBR, which was attributed to the shadowing effects caused by high
concentrations. Researchers have suggested various methods to enhance light energy
and CO2 utilization efficiency while minimizing energy consumption. In the research of
Mendoza et al. [125], a pit was excavated in the flow channel at the front end of a webbed
wheel in a 50 m × 2 m RPBR and CO2 was injected from the pit to enhance its contact
time with the microalgae solution, thereby improving CO2 utilization efficiency. David
et al. [126] observed that the energy consumption was lower when the RPBR was driven
by a pump compared to paddle wheels and propellers, which was attributed to the more
uniform distribution of microorganisms in the vertical direction.

6.2. Closed Photobioreactor

A closed PBR incorporates isolation measures both internally and externally to support
the sterile cultivation of microalgae, with three common types: flat plate, column, and
tubular PBRs. Compared to the open PBR, the primary advantage of the closed PBR
is the ability to precisely regulate the temperature and growth conditions of relevant
microorganisms with minimal external influence, thus achieving pure cultivation of MBCs.

6.2.1. Plate Photobioreactor

A plate photobioreactor (PPBR) is a flat medium made of materials like glass, resin,
and other transparent substances that facilitate the attachment and growth of microalgae. A
sufficient surface area to volume ratio and optimal light utilization make PPBRs suitable for
MBBF applications [127]. Koller et al. [128] successfully cultivated Scenedesmus ovalternus in
a PPBR, achieving a highest production rate of 1.7 gCDW/L/d and biomass concentration
of 7.5 g CDW/L. Shi et al. [129] immobilized microalgae on a double-layer porous plate
PPBR to minimize the loss of microalgae, which obtained 3 times and 2 times the removal
efficiency of nitrogen (1.3 mg/L) and phosphorus (1 mg/L), respectively, than that of an
open pond system.

Owing to material strength constraints and challenges in scalability of single-layer
PPBRs, researchers have enhanced MBC biomasses by incorporating multi-layer PPBR
reaction units [129]. However, in practical applications, the shadow effect caused by a
multi-layer PPBR and the high concentration of the MBBF lead to a significant reduction in
light penetration depth [130]. Researchers proposed using optimized light sources to solve
the non-uniformity of light. Jung et al. [131] implemented a 10-layer PPBR and addressed
uneven light distribution by integrating a plate waveguide layer with embedded light
scatterers, leading to an eight-fold enhancement in biomass cultivation efficiency. Sun
et al. [127] introduced hollow PMMA tubes into a PPBR, to boost the average light intensity
in the internal region by 2–6.5 times, resulting in a 23.42% increase in biomass concentration
and a 12.52% improvement in photosynthetic efficiency.

6.2.2. Column Photobioreactor

A column photobioreactor (CPBR) is designed with a vertical column configuration,
which offers effective gas–liquid mass transfer, promotes biomass production, and provides
control over light/dark cycles [132]. CPBRs are categorized into bubble-type and lift-type
CPBRs based on the intake mode [119]. Compared to bubble types, lift-type CPBRs have a
shorter mixing time, leading to enhanced gas mass transfer efficiency. Nayak et al. [133]
indicated that Anabaena sp. PCC 7120 exhibited higher light utilization efficiency and
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CO2 fixation rate in a lift-type CPBR than in a bubble type, resulting in a higher biomass
concentration (1.13 vs. 0.71 g/L).

The feature of positioning the light source inside the cylinder is deemed an attractive
configuration of CPBRs. Internal illumination is more effective in utilizing incident light
and minimizing the distance between light sources within bioreactors compared to external
illumination, as it helps alleviate the negative effects of dark areas and light attenuation.
Furthermore, internally illuminated PBRs exhibit higher energy ratios (generated energy
to energy input) compared to other reported PBRs [134]. Hu et al. [132] installed a series
of blue and red LEDs in a 28 L CPBR to ensure uniform light distribution, resulting
in a peak microalgae density of 1.88 × 103 cells/L. Murray et al. [135] utilized internal
illumination through a freely floating wireless light source in an immersion light CPBR,
achieving 1.18 g biomass/mol C. vulgaris and 1.15 g biomass/mol H. pluvialis. In contrast,
external illumination at the same light intensity only yielded 0.78 and 0.05 g biomass/mol
of biomass. Although CPBRs provide advantages such as high mass transfer efficiency,
uniform mixing, low shear force, low energy consumption, and ease of operation, they also
have certain limitations when deployed on real sites, including their small size, high cost,
and challenges related to scaling up.

6.2.3. Tubular Photobioreactor

The structure of a tubular photobioreactor (TPBR) consists of curved, horizontal, ver-
tical, and spiral configurations arranged in arrays or layers, which offers benefits such
as a large light exposure surface area, high microalgae biomass production, suitability
for outdoor cultivation, and adequate contact time for gas–liquid mass transfer. Kang
et al. [136] employed a microalgae-based curved TPBR, namely a periphyton photobioreac-
tor, to effectively remove up to 77% and 68% of nitrogen and phosphorus, as well as 86.4%
of personal care products. Binnal et al. [137] similarly utilized a curved TPBR to culture
Chlorella vulgaris, achieving the highest biomass (1.96 g/L) and CO2 concentration (78.03%)
under optimal conditions.

However, one drawback of TPBRs is the suboptimal mixing conditions caused by
poor water flow in longer pipes, leading to uneven distribution of nutrients, pH, and
CO2. To address this issue, Zhang et al. [138] incorporated a spiral mixer into the TPBR
system to homogenize water quality, resulting in a 37.26% increase in biomass productivity.
Gómez-Pérez et al. [139] proposed a novel twisted TPBR design with a geometric shape
that induced vortex formation, reducing energy consumption by 77% at a flow rate of
0.2 m/s, reducing energy consumption while maintaining water quality homogeneity.

Closed PBRs excel in controlling MBC cultivation conditions, minimizing contami-
nation, and accommodating a broader spectrum of microorganisms. Open PBRs enable
large-scale cultivation of microalgae at reduced costs. In future research, the integration
of closed and open PBR hybrid reactors, along with the advancement of innovative PBR
designs, is poised to emerge as a trending topic in the field [140,141].

7. Challenges and Future Perspectives of MBBF Coupled Wastewater Treatment Systems
7.1. Challenges of MBBF Coupled Wastewater Treatment Systems

While MBBFs present notable benefits, such as maintaining high biomass concen-
trations, reducing land footprint, enhancing pollutant removal, conserving energy, and
demonstrating resilience to environmental toxicity when compared to traditional sewage
treatment methods, multiple challenges, such as efficient start-up and a prolonged adap-
tation stage, should not be overlooked. Firstly, the prolonged start-up cycle and elevated
operating costs of an MBBF system are likely ascribed by the extended time required in
the MBBF’s start-up phase for enrichment of sufficient biomass, as well as the difficulty of
biofilm formation by multiple interfering factors hindering the adhesion and aggregation
of microorganisms [141]. While strategies such as carrier modification [142], operational
induction techniques [143], and the addition of cationic substances [144] have been de-
veloped to facilitate the formation of microalgal or bacterial biofilms, it is worth noting
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that the implementation of effective strategies to expedite the start-up of MBBF systems
still remains limited. Additionally, an MBBF has to undergo an adaptation stage before it
attains a superior and stable pollutant removal capacity in the target wastewater, posing
the challenge of achieving the desired performance. For example, the growth cycle for
most microalgae undergoing adaptive evolution spanned 100 to 500 generations [145].
Qiu et al. [84] noted that the microalgal system used for purifying snow water required
16 days for adapting to return to its original pollutant removal efficiency after altering the
cultivation conditions.

7.2. Future Perspectives of MBBF Coupled Wastewater Treatment Systems

In response to the above challenges, rapid MBBF enrichment and domestication
strategies need to be proposed. Understanding the mechanisms behind biofilm formation
and identifying the key factors involved are critical for the swift start-up and effective
application of MBBF systems. For example, enhancing the light-stimulated secretion of
extracellular proteins and polysaccharides in MBBFs could be a promising strategy for im-
proving biofilm formation [141,146]. Additionally, to enhance the widespread application
of MBBF systems for treating a variety of wastewater types, it is important to strengthen
their capacity for removing specific pollutants. This could be achieved by screening and
introducing microalgae and bacteria with targeted removal functions to regulate the com-
munity structure of MBBFs, thereby fostering effective synergistic interactions and quorum
sensing to ultimately improve microbial tolerance to specific pollutants. In summary,
the use of MBBFs has the potential to be an effective and widely applicable wastewater
treatment strategy, warranting ongoing attention and research.

8. Conclusions

Multiple studies have highlighted the significant potential of MBBFs in wastewater
treatment and resource recovery. Compared with other traditional wastewater treatment
technologies, MBBFs offer a broader range of applications including the removal of emerg-
ing pollutants, extraction of high-value products, and carbon capture. MBBFs also ex-
hibit enhanced pollutant removal capabilities and resistance due to the collective effect
of multiple metabolic pathways such as pollutant degradation, encompassing assimila-
tion, nitrification–denitrification, phosphorus accumulation, and synergistic interactions
between microalgae and bacteria (i.e., cross-feeding based on environmental and biological
metabolites, the transmission of signaling molecules, and horizontal gene transfer). Addi-
tionally, environmental factors, biological factors and carrier factors are essential for the
formation and maintenance of the MBBF biofilm, as well as for the overall stability of the
system. These diverse advantages position the use of MBBFs as a promising solution for
addressing the challenges of wastewater treatment and resource recovery in sustainable
environmental management.
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27. Hoang, A.T.; Sirohi, R.; Pandey, A.; Nižetić, S.; Lam, S.S.; Chen, W.H.; Luque, R.; Thomas, S.; Arıcı, M.; Pham, V.V. Biofuel
production from microalgae: Challenges and chances. Phytochem. Rev. 2022, 22, 1089–1126. [CrossRef]

28. Ge, S.; Qiu, S.; Tremblay, D.; Viner, K.; Champagne, P.; Jessop, P.G. Centrate wastewater treatment with Chlorella vulgaris:
Simultaneous enhancement of nutrient removal, biomass and lipid production. Chem. Eng. J. 2018, 342, 310–320. [CrossRef]

29. Johnson, D.T.; Taconi, K.A. The glycerin glut: Options for the value-added conversion of crude glycerol resulting from biodiesel
production. Environ. Prog. 2007, 26, 338–348. [CrossRef]

30. Jiao, H.X.; Tsigkou, K.; Elsamahy, T.; Pispas, K.; Sun, J.Z.; Manthos, G.; Schagerl, M.; Sventzouri, E.; Tohamy, R.; Kornaros, M.;
et al. Recent advances in sustainable hydrogen production from microalgae: Mechanisms, challenges, and future perspectives.
Ecotoxicol. Environ. Saf. 2024, 270, 115908. [CrossRef]

31. Hirano, A.; Ueda, R.; Hirayama, S.; Ogushi, Y. CO2 fixation and ethanol production with microalgal photosynthesis and
intracellular anaerobic fermentation. Energy 1997, 22, 137–142. [CrossRef]

32. Safafar, H.; Wagenen, J.; Møller, P.; Jacobsen, C. Carotenoids, phenolic compounds and tocopherols contribute to the antioxidative
properties of some microalgae species grown on industrial wastewater. Mar. Drugs 2015, 13, 7339–7356. [CrossRef]

33. Wilson, D.; Nash, P.; Buttar, H.; Griffiths, K.; Singh, R.; Meester, F.; Horiuchi, R.; Takahashi, T. The role of food antioxidants,
benefits of functional foods, and influence of feeding habits on the health of the older person: An overview. Antioxidants 2017, 6,
81. [CrossRef] [PubMed]

34. Qiu, S.; Wang, S.; Xiao, C.; Ge, S. Assessment of microalgae as a new feeding additive for fruit fly Drosophila melanogaster. Sci.
Total Environ. 2019, 667, 455–463. [CrossRef]

35. Gherabli, A.; Grimi, N.; Lemaire, J.; Vorobiev, E.; Lebovka, N. Extraction of valuable biomolecules from the microalga Haematococ-
cus pluvialis assisted by electrotechnologies. Molecules 2023, 28, 2089. [CrossRef] [PubMed]

36. Hosokawa, M.; Kudo, M.; Maeda, H.; Kohno, H.; Tanaka, T.; Miyashita, K. Fucoxanthin induces apoptosis and enhances the
antiproliferative effect of the PPARγ ligand, troglitazone, on colon cancer cells. Biochim. Biophys. Acta (BBA)-Gen. Subj. 2004, 1675,
113–119. [CrossRef] [PubMed]

37. Wu, Z.; Qiu, S.; Abbew, A.W.; Chen, Z.; Liu, Y.; Zuo, J.; Ge, S. Evaluation of nitrogen source, concentration and feeding mode for
co-production of fucoxanthin and fatty acids in Phaeodactylum tricornutum. Algal Res. 2022, 63, 102655. [CrossRef]

38. Morales, M.; Hélias, A.; Bernard, O. Optimal integration of microalgae production with photovoltaic panels: Environmental
impacts and energy balance. Biotechnol. Biofuels 2019, 12, 239. [CrossRef]

39. Tripathi, S.; Choudhary, S.; Meena, A.; Poluri, K.M. Carbon capture, storage, and usage with microalgae: A review. Environ. Chem.
Lett. 2023, 21, 2085–2128. [CrossRef]

40. Valdovinos, E.M.; Barajas, J.; Olán, M.; Petriz, M.A.; Guzmán, A.; Bravo, M.G. Techno-economic study of CO2 capture of
a thermoelectric plant using microalgae (Chlorella vulgaris) for production of feedstock for bioenergy. Energies 2020, 13, 413.
[CrossRef]

41. Yao, S.; Lyu, S.; An, Y.; Lu, J.; Gjermansen, C.; Schramm, A. Microalgae-bacteria symbiosis in microalgal growth and biofuel
production: A review. J. Appl. Microbiol. 2019, 126, 359–368. [CrossRef] [PubMed]

42. Tang, D.Y.; Guo, Y.; Koyande, A.K.; Chew, K.W.; Vo, D.V.; Show, P.L. Green technology for the industrial production of biofuels
and bioproducts from microalgae: A review. Environ. Chem. Lett. 2020, 18, 1967–1985. [CrossRef]

43. Liu, H.J.; Were, P.; Li, Q.; Gou, Y.; Hou, Z. Worldwide status of CCUS technologies and their development and challenges in
China. Geofluids 2017, 2017, 126505. [CrossRef]

44. Kong, W.; Shen, B.; Lyu, H.; Kong, J.; Ma, J.; Wang, Z.; Feng, S. Review on carbon dioxide fixation coupled with nutrients removal
from wastewater by microalgae. J. Clean. Prod. 2021, 292, 125975. [CrossRef]

45. Xu, X.; Gu, X.; Wang, Z.; Shatner, W.; Wang, Z. Progress, challenges and solutions of research on photosynthetic carbon
sequestration efficiency of microalgae. Renew. Sustain. Energy Rev. 2019, 110, 65–82. [CrossRef]

46. Gonçalves, A.L.; Pires, J.C.; Simões, M. A review on the use of microalgal consortia for wastewater treatment. Algal Res. 2017, 24,
403–415. [CrossRef]

47. Basílico, G.; Cabo, L.; Magdaleno, A.; Faggi, A. Poultry effluent bio-treatment with Spirodela intermedia and periphyton in
mesocosms with water recirculation. Water Air Soil Pollut. 2016, 227, 190. [CrossRef]

48. González, J.; Barat, R.; Pachés, M.; Murgui, M.; Seco, A.; Ferrer, J. Wastewater nutrient removal in a mixed microalgae-bacteria
culture: Effect of light and temperature on the microalgae—Bacteria competition. Environ. Technol. 2017, 39, 503–515. [CrossRef]

49. Ma, X.; Mi, Y.; Zhao, C.; Wei, Q. A comprehensive review on carbon source effect of microalgae lipid accumulation for biofuel
production. Sci. Total Environ. 2022, 806, 151387. [CrossRef]

50. Simsek, H.; Kasi, M.; Ohm, J.B.; Murthy, S.; Khan, E. Impact of solids retention time on dissolved organic nitrogen and its
biodegradability in treated wastewater. Water Res. 2016, 92, 44–51. [CrossRef]

https://doi.org/10.4014/jmb.1611.11059
https://doi.org/10.1016/j.algal.2014.12.002
https://doi.org/10.1007/s11101-022-09819-y
https://doi.org/10.1016/j.cej.2018.02.058
https://doi.org/10.1002/ep.10225
https://doi.org/10.1016/j.ecoenv.2023.115908
https://doi.org/10.1016/S0360-5442(96)00123-5
https://doi.org/10.3390/md13127069
https://doi.org/10.3390/antiox6040081
https://www.ncbi.nlm.nih.gov/pubmed/29143759
https://doi.org/10.1016/j.scitotenv.2019.02.414
https://doi.org/10.3390/molecules28052089
https://www.ncbi.nlm.nih.gov/pubmed/36903334
https://doi.org/10.1016/j.bbagen.2004.08.012
https://www.ncbi.nlm.nih.gov/pubmed/15535974
https://doi.org/10.1016/j.algal.2022.102655
https://doi.org/10.1186/s13068-019-1579-4
https://doi.org/10.1007/s10311-023-01609-y
https://doi.org/10.3390/en13020413
https://doi.org/10.1111/jam.14095
https://www.ncbi.nlm.nih.gov/pubmed/30168644
https://doi.org/10.1007/s10311-020-01052-3
https://doi.org/10.1155/2017/6126505
https://doi.org/10.1016/j.jclepro.2021.125975
https://doi.org/10.1016/j.rser.2019.04.050
https://doi.org/10.1016/j.algal.2016.11.008
https://doi.org/10.1007/s11270-016-2896-x
https://doi.org/10.1080/09593330.2017.1305001
https://doi.org/10.1016/j.scitotenv.2021.151387
https://doi.org/10.1016/j.watres.2016.01.041


Water 2024, 16, 2561 22 of 25

51. Courtens, E.N.; Spieck, E.; Vilchez, R.; Bodé, S.; Boeckx, P.; Schouten, S.; Jauregui, R.; Pieper, D.H.; Vlaeminck, S.E.; Boon, N. A
robust nitrifying community in a bioreactor at 50 ◦C opens up the path for thermophilic nitrogen removal. ISME J. 2016, 10,
2293–2303. [CrossRef] [PubMed]

52. Fitzgerald, C.M.; Camejo, P.; Oshlag, J.Z.; Noguera, D.R. Ammonia-oxidizing microbial communities in reactors with efficient
nitrification at low-dissolved oxygen. Water Res. 2015, 70, 38–51. [CrossRef] [PubMed]

53. Daims, H.; Lebedeva, E.V.; Pjevac, P.; Han, P.; Herbold, C.; Albertsen, M.; Jehmlich, N.; Palatinszky, M.; Vierheilig, J.; Bulaev, A.;
et al. Complete nitrification by Nitrospira bacteria. Nature 2015, 528, 504–509. [CrossRef] [PubMed]

54. Zhang, L.; Jiang, L.; Zhang, J.; Li, J.; Peng, Y. Enhancing nitrogen removal through directly integrating anammox into mainstream
wastewater treatment: Advantageous, issues and future study. Bioresour. Technol. 2022, 362, 127827. [CrossRef] [PubMed]

55. Cai, T.; Park, S.Y.; Li, Y. Nutrient recovery from wastewater streams by microalgae: Status and prospects. Renew. Sustain. Energy
Rev. 2013, 19, 360–369. [CrossRef]

56. Zhang, C.F.; Li, S.N.; Ho, S.H. Converting nitrogen and phosphorus wastewater into bioenergy using microalgae-bacteria
consortia: A critical review. Bioresour. Technol. 2021, 342, 126056. [CrossRef]

57. Sforza, E.; Calvaruso, C.; Rocca, N.; Bertucco, A. Luxury uptake of phosphorus in Nannochloropsis salina: Effect of P concentration
and light on P uptake in batch and continuous cultures. Biochem. Eng. J. 2018, 134, 69–79. [CrossRef]

58. Schmidt, J.J.; Gagnon, G.A.; Jamieson, R.C. Microalgae growth and phosphorus uptake in wastewater under simulated cold
region conditions. Ecol. Eng. 2016, 95, 588–593. [CrossRef]

59. Li, Y.; Zhao, S.; Zhang, J.; He, Y.; Zhang, J.; Ge, R. Screening and diversity analysis of aerobic denitrifying phosphate accumulating
bacteria cultivated from A2O activated sludge. Processes 2019, 7, 827. [CrossRef]

60. Zaman, M.; Kim, M.G.; Nakhla, G. Simultaneous partial nitrification and denitrifying phosphorus removal (PNDPR) in a
sequencing batch reactor process operated at low DO and high SRT for carbon and energy reduction. Chem. Eng. J. 2021, 425,
131881. [CrossRef]

61. Yang, L.; Wang, X.H.; Cui, S.; Ren, Y.X.; Yu, J.; Chen, N.; Xiao, Q.; Guo, L.K.; Wang, R.H. Simultaneous removal of nitrogen and
phosphorous by heterotrophic nitrification-aerobic denitrification of a metal resistant bacterium Pseudomonas putida strain NP5.
Bioresour. Technol. 2019, 285, 121360. [CrossRef] [PubMed]

62. Zhang, M.Y.; Pan, L.Q.; Liu, L.P.; Su, C.; Dou, L.; Su, Z.P.; He, Z.Y. Phosphorus and nitrogen removal by a novel phosphate-
accumulating organism, Arthrobacter sp. HHEP5 capable of heterotrophic nitrification-aerobic denitrification: Safety assessment,
removal characterization, mechanism exploration and wastewater treatment. Bioresour. Technol. 2020, 312, 123633. [CrossRef]
[PubMed]

63. Yu, S.; Chen, Z.P.; Li, M.T.; Qiu, S.; Lv, Z.; Ge, S.J. Principles, challenges, and optimization of indigenous microalgae-bacteria
consortium for sustainable swine wastewater treatment. Bioresour. Technol. 2024, 406, 131055. [CrossRef] [PubMed]

64. Kong, L.R.; Zheng, R.; Feng, Y.M.; Du, W.R.; Xie, C.; Gu, Y.Q.; Liu, S.T. Anammox bacteria adapt to long-term light irradiation in
photogranules. Water Res. 2023, 241, 120144. [CrossRef]

65. Hou, J.; Li, T.F.; Miao, L.Z.; You, G.X.; Xu, Y.; Liu, S.Q. Effects of titanium dioxide nanoparticles on algal and bacterial communities
in periphytic biofilms. Environ. Pollut. 2019, 251, 407–414. [CrossRef]

66. Liu, J.Z.; Tang, J.; Wan, J.J.; Wu, C.; Graham, B.; Kerr, P.G.; Wu, Y.H. Functional sustainability of periphytic biofilms in organic
matter and Cu2+ removal during prolonged exposure to TiO2 nanoparticles. J. Hazard. 2019, 370, 4–12. [CrossRef]

67. Croft, M.T.; Deery, E.; Smith, A.; Warren, M. Algae acquire vitamin B12 through a symbiotic relationship with bacteria. Comp.
Biochem. Physiol. Part A 2007, 146, S222. [CrossRef] [PubMed]

68. Durham, B.P.; Sharma, S.; Luo, H.; Smith, C.B.; Amin, S.A.; Bender, S.J.; Dearth, S.P.; Mooy, B.A.S.; Campagna, S.R.; Kujawinski,
E.B.; et al. Cryptic carbon and sulfur cycling between surface ocean plankton. Proc. Natl. Acad. Sci. USA 2014, 112, 453–457.
[CrossRef]

69. Shady, A.A.; David, H.G.; Mark, C.H.; Frithjof, C.K.; William, G.S.; Carl, J.C. Photolysis of iron-siderophore chelates promotes
bacterial-algal mutualism. Proc. Natl. Acad. Sci. USA 2009, 106, 17071–17076.

70. Kouzuma, A.; Watanabe, K. Exploring the potential of algae/bacteria interactions. Curr. Opin. Biotechnol. 2015, 33, 125–129.
[CrossRef]

71. Meng, F.S.; Huang, W.W.; Liu, D.F.; Zhao, Y.X.; Huang, W.L.; Lei, Z.F.; Zhang, Z.Y. Application of aerobic granules-continuous
flow reactor for saline wastewater treatment: Granular stability, lipid production and symbiotic relationship between bacteria
and algae. Bioresour. Technol. 2020, 295, 122291. [CrossRef] [PubMed]

72. Palacios, O.A.; Gomez, G.; Bashan, Y.; Bashan, L.E.; Sessitsch, A. Tryptophan, thiamine and indole-3-acetic acid exchange between
Chlorella sorokini and the plant growth-promoting bacterium Azospirillum brasilense. FEMS Microbiol. Ecol. 2016, 92, fiw077.
[CrossRef] [PubMed]

73. Amin, S.A.; Hmelo, L.R.; Tol, H.M.; Durham, B.P.; Carlson, L.T.; Heal, K.R.; Morales, R.L.; Berthiaume, C.T.; Parker, M.S.; Djunaedi,
B.; et al. Interaction and signalling between a cosmopolitan phytoplankton and associated bacteria. Nature 2015, 522, 98–101.
[CrossRef] [PubMed]

74. Zhou, D.D.; Zhang, C.F.; Fu, L.; Xu, L.; Cui, X.C.; Li, Q.C.; Crittenden, J.C. Responses of the microalga Chlorophyta sp. to bacterial
quorum sensing molecules (N-acylhomoserine lactones): Aromatic protein-induced self-aggregation. Environ. Sci. Technol. 2017,
51, 3490–3498. [CrossRef]

https://doi.org/10.1038/ismej.2016.8
https://www.ncbi.nlm.nih.gov/pubmed/26894446
https://doi.org/10.1016/j.watres.2014.11.041
https://www.ncbi.nlm.nih.gov/pubmed/25506762
https://doi.org/10.1038/nature16461
https://www.ncbi.nlm.nih.gov/pubmed/26610024
https://doi.org/10.1016/j.biortech.2022.127827
https://www.ncbi.nlm.nih.gov/pubmed/36029988
https://doi.org/10.1016/j.rser.2012.11.030
https://doi.org/10.1016/j.biortech.2021.126056
https://doi.org/10.1016/j.bej.2018.03.008
https://doi.org/10.1016/j.ecoleng.2016.06.114
https://doi.org/10.3390/pr7110827
https://doi.org/10.1016/j.cej.2021.131881
https://doi.org/10.1016/j.biortech.2019.121360
https://www.ncbi.nlm.nih.gov/pubmed/31015182
https://doi.org/10.1016/j.biortech.2020.123633
https://www.ncbi.nlm.nih.gov/pubmed/32531738
https://doi.org/10.1016/j.biortech.2024.131055
https://www.ncbi.nlm.nih.gov/pubmed/38944316
https://doi.org/10.1016/j.watres.2023.120144
https://doi.org/10.1016/j.envpol.2019.04.136
https://doi.org/10.1016/j.jhazmat.2017.08.068
https://doi.org/10.1038/nature04056
https://www.ncbi.nlm.nih.gov/pubmed/16267554
https://doi.org/10.1073/pnas.1413137112
https://doi.org/10.1016/j.copbio.2015.02.007
https://doi.org/10.1016/j.biortech.2019.122291
https://www.ncbi.nlm.nih.gov/pubmed/31670206
https://doi.org/10.1093/femsec/fiw077
https://www.ncbi.nlm.nih.gov/pubmed/27090758
https://doi.org/10.1038/nature14488
https://www.ncbi.nlm.nih.gov/pubmed/26017307
https://doi.org/10.1021/acs.est.7b00355


Water 2024, 16, 2561 23 of 25

75. Ou, Z.X.; Chen, X.D.; Wu, X.M.; Zhou, C.R.; Zhang, K.J.; Luo, J.Y.; Fang, F.; Sun, Y.Q.; Li, M.; Feng, Q. N-acyl homoserine lactone
mediating initial adhesion of microalgal biofilm formation. Environ. Res. 2023, 233, 116446. [CrossRef]

76. Hays, S.G.; Patrick, W.G.; Ziesack, M.; Oxman, N.; Silver, P.A. Better together: Engineering and application of microbial symbioses.
Curr. Opin. Biotechnol. 2015, 36, 40–49. [CrossRef]

77. Wang, Z.Y.; Chen, Q.W.; Zhang, J.Y.; Guan, T.S.; Chen, Y.C.; Shi, W.Q. Critical roles of cyanobacteria as reservoir and source for
antibiotic resistance genes. Environ. Int. 2020, 144, 106034. [CrossRef]

78. He, X.Y.; Wang, J.P.; Abdoli, L.L.; Li, H. Mg2+/Ca2+ promotes the adhesion of marine bacteria and algae and enhances following
biofilm formation in artificial seawater. Colloids Surf. B Biointerfaces 2016, 146, 289–295. [CrossRef]

79. González, J.; Montero, P.; Aparicio, S.; Ruano, M.V.; Borrás, L.; Seco, A.; Barat, R. Nitrite inhibition of microalgae induced by the
competition between microalgae and nitrifying bacteria. Water Res. 2020, 172, 115499. [CrossRef]

80. Maddela, N.R.; Sheng, B.; Yuan, S.; Zhou, Z.; Villamar, R.; Meng, F. Roles of quorum sensing in biological wastewater treatment:
A critical review. Chemosphere 2019, 221, 616–629. [CrossRef]

81. Borowitzka, M.A.; Beardall, J.; Raven, J.A. Chemically-mediated interactions in microalgae. In The Physiology of Microalgae;
Springer International Publishing: Berlin/Heidelberg, Germany, 2016; pp. 321–357.

82. Demuez, M.; González, C.; Ballesteros, M. Algicidal microorganisms and secreted algicides: New tools to induce microalgal cell
disruption. Biotechnol. Adv. 2015, 33, 1615–1625. [CrossRef] [PubMed]

83. Qiu, S.; Yu, Z.W.; Hu, Y.B.; Chen, Z.P.; Guo, J.H.; Xia, W.H.; Ge, S.J. An evolved native microalgal consortium-snow system for
the bioremediation of biogas and centrate wastewater: Start-up, optimization and stabilization. Water Res. 2021, 196, 117038.
[CrossRef] [PubMed]

84. Zhang, Y.K.; Xiong, Z.S.; Yang, L.M.; Ren, Z.; Shao, P.H.; Shi, H.; Xiao, X.; Pavlostathis, S.G.; Fang, L.L.; Luo, X.B. Successful
isolation of a tolerant co-flocculating microalgae towards highly efficient nitrogen removal in harsh rare earth element tailings
(REEs) wastewater. Water Res. 2019, 166, 115076. [CrossRef]

85. Lindemann, S.R.; Bernstein, H.C.; Song, H.S.; Fredrickson, J.K.; Fields, M.W.; Shou, W.; Johnson, D.R.; Beliaev, A.S. Engineering
microbial consortia for controllable outputs. ISME J. 2016, 10, 2077–2084. [CrossRef]

86. Sun, X.M.; Ren, L.J.; Bi, Z.Q.; Ji, X.J.; Zhao, Q.Y.; Huang, H. Adaptive evolution of microalgae Schizochytrium sp. under high
salinity stress to alleviate oxidative damage and improve lipid biosynthesis. Bioresour. Technol. 2018, 267, 438–444. [CrossRef]

87. Pang, N.; Bergeron, A.D.; Gu, X.Y.; Fu, X.; Dong, T.; Yao, Y.Q.; Chen, S.L. Recycling of nutrients from dairy wastewater by
extremophilic microalgae with high ammonia tolerance. Environ. Sci. Technol. 2020, 54, 15366–15375. [CrossRef]

88. Liao, Q.; Zhong, N.B.; Zhu, X.; Chen, R.; Wang, Y.Z.; Lee, D.J. Enhancement of hydrogen production by adsorption of Rhodoseu-
domonas palustris CQK 01 on a new support material. Int. J. Hydrogen Energy 2013, 38, 15730–15737. [CrossRef]

89. Fu, Q.; Li, Y.S.; Zhong, N.B.; Liao, Q.; Huang, Y.; Xia, A.; Zhu, X.; Hou, Y.P. A novel biofilm photobioreactor using light guide
plate enhances the hydrogen production. Int. J. Hydrogen Energy 2017, 42, 27523–27531. [CrossRef]

90. Nadell, C.D.; Drescher, K.; Wingreen, N.S.; Bassler, B.L. Extracellular matrix structure governs invasion resistance in bacterial
biofilms. ISME J. 2015, 9, 1700–1709. [CrossRef] [PubMed]

91. Cheah, Y.T.; Chan, D.J. Physiology of microalgal biofilm: A review on prediction of adhesion on substrates. Bioengineered 2021, 12,
7577–7599. [CrossRef]

92. Pastore, M.; Santaeufemia, S.; Bertucco, A.; Sforza, E. Light intensity affects the mixotrophic carbon exploitation in Chlorella
protothecoides: Consequences on microalgae-bacteria based wastewater treatment. Water Sci. Technol. 2018, 78, 1762–1771.
[CrossRef] [PubMed]

93. Dong, B.X.; Tang, D.Y.; Chew, K.W.; Nguyen, T.D.; Ho, H.L.; Tran, T.N. Green biorefinery: Microalgae-bacteria microbiome on
tolerance investigations in plants. J. Biotechnol. 2022, 343, 120–127.

94. Park, J.; Kumar, G.; Bakonyi, P.; Peter, J.; Nemestóthy, N.; Koter, S.; Kujawski, W.; Bélafi-Bakó, K.; Pientka, Z.; Muñoz, R.; et al.
Comparative evaluation of CO2 fixation of microalgae strains at various CO2 aeration conditions. Waste Biomass Valoriz. 2021, 12,
2999–3007. [CrossRef]

95. Wang, M.; Keeley, R.; Zalivina, N.; Halfhide, T.; Scott, K.; Zhang, Q.; van der Steen, P.; Ergas, S.J. Advances in algal-prokaryotic
wastewater treatment: A review of nitrogen transformations, reactor configurations and molecular tools. J. Environ. Manag. 2018,
217, 845–857. [CrossRef]

96. Ji, C.L.; Wang, J.F.; Zhang, W.; Liu, J.L.; Wang, H.; Gao, L.L.; Liu, T.Z. An applicable nitrogen supply strategy for attached
cultivation of Aucutodesmus obliquus. J. Appl. Phycol. 2013, 26, 173–180. [CrossRef]

97. Serôdio, J.; Vieira, S.; Cruz, S. Photosynthetic activity, photoprotection and photoinhibition in intertidal microphytobenthos as
studied in situ using variable chlorophyll fluorescence. Cont. Shelf. Res. 2008, 28, 1363–1375. [CrossRef]

98. Meng, F.S.; Xi, L.M.; Liu, D.F.; Huang, W.W.; Lei, Z.F.; Zhang, Z.Y.; Huang, W.L. Effects of light intensity on oxygen distribution,
lipid production and biological community of algal-bacterial granules in photo-sequencing batch reactors. Bioresour. Technol.
2019, 272, 473–481. [CrossRef] [PubMed]

99. Toninelli, A.E.; Wang, J.F.; Liu, M.S.; Wu, H.; Liu, T.Z. Scenedesmus dimorphus biofilm: Photoefficiency and biomass production
under intermittent lighting. Sci. Rep. 2016, 6, 32305. [CrossRef]

100. Lutzu, G.A.; Zhang, L.L.; Zhang, Z.H.; Liu, T.Z. Feasibility of attached cultivation for polysaccharides production by Porphyridium
cruentum. Bioprocess Biosyst. Eng. 2016, 40, 73–83. [CrossRef]

https://doi.org/10.1016/j.envres.2023.116446
https://doi.org/10.1016/j.copbio.2015.08.008
https://doi.org/10.1016/j.envint.2020.106034
https://doi.org/10.1016/j.colsurfb.2016.06.029
https://doi.org/10.1016/j.watres.2020.115499
https://doi.org/10.1016/j.chemosphere.2019.01.064
https://doi.org/10.1016/j.biotechadv.2015.08.003
https://www.ncbi.nlm.nih.gov/pubmed/26303095
https://doi.org/10.1016/j.watres.2021.117038
https://www.ncbi.nlm.nih.gov/pubmed/33751972
https://doi.org/10.1016/j.watres.2019.115076
https://doi.org/10.1038/ismej.2016.26
https://doi.org/10.1016/j.biortech.2018.07.079
https://doi.org/10.1021/acs.est.0c02833
https://doi.org/10.1016/j.ijhydene.2013.04.146
https://doi.org/10.1016/j.ijhydene.2017.05.182
https://doi.org/10.1038/ismej.2014.246
https://www.ncbi.nlm.nih.gov/pubmed/25603396
https://doi.org/10.1080/21655979.2021.1980671
https://doi.org/10.2166/wst.2018.462
https://www.ncbi.nlm.nih.gov/pubmed/30500800
https://doi.org/10.1007/s12649-020-01226-8
https://doi.org/10.1016/j.jenvman.2018.04.021
https://doi.org/10.1007/s10811-013-0115-3
https://doi.org/10.1016/j.csr.2008.03.019
https://doi.org/10.1016/j.biortech.2018.10.059
https://www.ncbi.nlm.nih.gov/pubmed/30390540
https://doi.org/10.1038/srep32305
https://doi.org/10.1007/s00449-016-1676-8


Water 2024, 16, 2561 24 of 25

101. Liu, C.; Shi, Y.W.; Liu, H.P.; Ma, M.R.; Liu, G.Q.; Zhang, R.H.; Wang, W. Insight of co-fermentation of carbon monoxide with
carbohydrate-rich wastewater for enhanced hydrogen production: Homoacetogenic inhibition and the role of pH. J. Clean. Prod.
2020, 267, 122027. [CrossRef]

102. You, X.T.; Zhang, Z.S.; Guo, L.; Liao, Q.R.; Wang, Y.; Zhao, Y.G.; Jin, C.J.; Gao, M.C.; She, Z.L.; Wang, G.C. Integrating acidogenic
fermentation and microalgae cultivation of bacterial-algal coupling system for mariculture wastewater treatment. Bioresour.
Technol. 2021, 320, 124335. [CrossRef] [PubMed]

103. Blanken, W.; Schaap, S.; Theobald, S.; Rinzema, A.; Wijffels, R.H.; Janssen, M. Optimizing carbon dioxide utilization for microalgae
biofilm cultivation. Biotechnol. Bioeng. 2016, 114, 769–776. [CrossRef] [PubMed]

104. Jiang, L.Q.; Li, Y.Z.; Pei, H.Y. Algal–bacterial consortia for bioproduct generation and wastewater treatment. Renew. Sustain.
Energy Rev. 2021, 149, 111395. [CrossRef]

105. Guo, C.L.; Wang, W.; Duan, D.R.; Zhao, C.Y.; Guo, F.Q. Enhanced CO2 biofixation and protein production by microalgae biofilm
attached on modified surface of nickel foam. Bioprocess Biosyst. Eng. 2018, 42, 521–528. [CrossRef]

106. Roosjen, A.; Boks, N.P.; Mei, H.C.; Busscher, H.J.; Norde, W. Influence of shear on microbial adhesion to PEO-brushes and glass
by convective-diffusion and sedimentation in a parallel plate flow chamber. Colloids Surf. B Biointerfaces 2005, 46, 1–6. [CrossRef]
[PubMed]

107. Soini, S.M.; Koskinen, K.T.; Vilenius, M.J.; Puhakka, J.A. Effects of fluid-flow velocity and water quality on planktonic and sessile
microbial growth in water hydraulic system. Water Res. 2002, 36, 3812–3820. [CrossRef] [PubMed]

108. Tijhuis, L.; Huisman, J.L.; Hekkelman, H.D.; Loosdrecht, M.C.; Heijnen, J.J. Formation of nitrifying biofilms on small suspended
particles in airlift reactors. Biotechnol. Bioeng. 2004, 47, 585–595. [CrossRef]

109. Nguyen, T.T.; Nguyen, T.T.; Binh, Q.; Bui, X.T.; Ngo, H.H.; Vo, H.N.; Andrew, K.Y.; Vo, T.D.; Guo, W.S.; Lin, C.; et al. Co-culture of
microalgae-activated sludge for wastewater treatment and biomass production: Exploring their role under different inoculation
ratios. Bioresour. Technol. 2020, 314, 123754. [CrossRef]

110. Gross, M.; Zhao, X.; Mascarenhas, V.; Wen, Z. Effects of the surface physico-chemical properties and the surface textures on the
initial colonization and the attached growth in algal biofilm. Biotechnol. Biofuels 2016, 9, 38. [CrossRef]

111. Amshawee, S.; Yunus, M.Y.; Vo, D.V.; Tran, N.H. Biocarriers for biofilm immobilization in wastewater treatments: A review.
Environ. Chem. Lett. 2020, 18, 1925–1945. [CrossRef]

112. Luo, S.; Sai, P.; He, Z. Effective algal harvesting by using mesh membrane for enhanced energy recovery in an innovative
integrated photobioelectrochemical system. Bioresour. Technol. 2018, 253, 33–40. [CrossRef] [PubMed]

113. Sekar, R.; Venugopalan, V.P.; Satpathy, K.K.; Nair, K.V.; Rao, V.N. Laboratory studies on adhesion of microalgae to hard substrates.
Hydrobiologia 2004, 512, 109–116. [CrossRef]

114. Ozkan, A.; Berberoglu, H. Adhesion of Chlorella vulgaris on Hydrophilic and Hydrophobic Surfaces. In Proceedings of the ASME
2011 International Mechanical Engineering Congress and Exposition, Denver, CO, USA, 11–17 November 2011; ASME: New York,
NY, USA, 2011. [CrossRef]

115. Liao, H.; Sun, L.; Li, J.; He, D. Bacterial-algal symbiosis biofilm for wastewater treatment: A review. J. Civ. Environ. Eng. 2021, 43,
141–153.

116. Praveen, P.; Xiao, W.; Lamba, B.; Loh, K.C. Low-retention operation to enhance biomass productivity in an algal membrane
photobioreactor. Algal Res. 2019, 40, 101487. [CrossRef]

117. Hase, R.; Oikawa, H.; Sasao, C.; Morita, M.; Watanabe, Y. Photosynthetic production of microalgal biomass in a raceway system
under greenhouse conditions in sendai city. J. Biosci. Bioeng. 2000, 89, 157–163. [CrossRef]

118. Sun, Z.L.; Sun, L.Q.; Chen, G.Z. Microalgal cultivation and nutrient removal from digested piggery wastewater in a thin-film flat
plate photobioreactor. Appl. Biochem. Biotechnol. 2018, 187, 1488–1501. [CrossRef]

119. Asterio, S.M.; Marie, C.G.; Francisco, G.C.; Grima, E.M.; Chisti, Y. Growth and biochemical characterization of microalgal biomass
produced in bubble column and airlift photobioreactors: Studies in fed-batch culture. Enzyme Microb. Technol. 2002, 31, 1015–1023.

120. Solimeno, A.; Acíen, F.G.; García, J. Mechanistic model for design, analysis, operation and control of microalgae cultures:
Calibration and application to tubular photobioreactors. Algal Res. 2017, 21, 236–246. [CrossRef]

121. Luo, Y.L.; Clech, P.; Henderson, R.K. Assessment of membrane photobioreactor (MPBR) performance parameters and operating
conditions. Water Res. 2018, 138, 169–180. [CrossRef]

122. Gao, F.; Yang, Z.H.; Li, C.; Wang, Y.J.; Jin, W.H.; Deng, Y.B. Concentrated microalgae cultivation in treated sewage by membrane
photobioreactor operated in batch flow mode. Bioresour. Technol. 2014, 167, 441–446. [CrossRef]

123. Ketheesan, B.; Nirmalakhandan, N. Feasibility of microalgal cultivation in a pilot-scale airlift-driven raceway reactor. Bioresour.
Technol. 2012, 108, 196–202. [CrossRef] [PubMed]

124. Radmann, E.M.; Reinehr, C.O.; Costa, J.A. Optimization of the repeated batch cultivation of microalga Spirulina platensis in open
raceway ponds. Aquaculture 2007, 265, 118–126. [CrossRef]

125. Mendoza, J.L.; Granados, M.R.; Godos, I.; Acién, F.G.; Molina, E.; Banks, C.; Heaven, S. Fluid-dynamic characterization of
real-scale raceway reactors for microalgae production. Biomass Bioenergy 2013, 54, 267–275. [CrossRef]

126. Chiaramonti, D.; Prussi, M.; Casini, D.; Tredici, M.R.; Rodolfi, L.; Bassi, N.; Zittelli, G.C.; Bondioli, P. Review of energy balance
in raceway ponds for microalgae cultivation: Re-thinking a traditional system is possible. Appl. Energy 2013, 102, 101–111.
[CrossRef]

https://doi.org/10.1016/j.jclepro.2020.122027
https://doi.org/10.1016/j.biortech.2020.124335
https://www.ncbi.nlm.nih.gov/pubmed/33157451
https://doi.org/10.1002/bit.26199
https://www.ncbi.nlm.nih.gov/pubmed/27748511
https://doi.org/10.1016/j.rser.2021.111395
https://doi.org/10.1007/s00449-018-2055-4
https://doi.org/10.1016/j.colsurfb.2005.08.009
https://www.ncbi.nlm.nih.gov/pubmed/16198548
https://doi.org/10.1016/S0043-1354(02)00099-4
https://www.ncbi.nlm.nih.gov/pubmed/12369527
https://doi.org/10.1002/bit.260470511
https://doi.org/10.1016/j.biortech.2020.123754
https://doi.org/10.1186/s13068-016-0451-z
https://doi.org/10.1007/s10311-020-01049-y
https://doi.org/10.1016/j.biortech.2018.01.001
https://www.ncbi.nlm.nih.gov/pubmed/29328932
https://doi.org/10.1023/B:HYDR.0000020315.40349.38
https://doi.org/10.1115/IMECE2011-64133
https://doi.org/10.1016/j.algal.2019.101487
https://doi.org/10.1016/S1389-1723(00)88730-7
https://doi.org/10.1007/s12010-018-2889-x
https://doi.org/10.1016/j.algal.2016.11.023
https://doi.org/10.1016/j.watres.2018.03.050
https://doi.org/10.1016/j.biortech.2014.06.042
https://doi.org/10.1016/j.biortech.2011.12.146
https://www.ncbi.nlm.nih.gov/pubmed/22277208
https://doi.org/10.1016/j.aquaculture.2007.02.001
https://doi.org/10.1016/j.biombioe.2013.03.017
https://doi.org/10.1016/j.apenergy.2012.07.040


Water 2024, 16, 2561 25 of 25

127. Sun, Y.H.; Huang, Y.; Liao, Q.; Fu, Q.; Zhu, X. Enhancement of microalgae production by embedding hollow light guides to a
flat-plate photobioreactor. Bioresour. Technol. 2016, 207, 31–38. [CrossRef] [PubMed]

128. Koller, A.P.; Wolf, L.; Weuster, D. Reaction engineering analysis of Scenedesmus ovalternus in a flat-plate gas-lift photobioreactor.
Bioresour. Technol. 2017, 225, 165–174. [CrossRef]

129. Shi, J.; Podola, B.; Melkonian, M. Application of a prototype-scale Twin-Layer photobioreactor for effective N and P removal from
different process stages of municipal wastewater by immobilized microalgae. Bioresour. Technol. 2014, 154, 260–266. [CrossRef]

130. Slegers, P.M.; Wijffels, R.H.; Straten, G.; Boxtel, A.J. Design scenarios for flat panel photobioreactors. Appl. Energy 2011, 88,
3342–3353. [CrossRef]

131. Jung, E.E.; Jain, A.; Voulis, N.; Doud, D.F.; Angenent, L.T.; Erickson, D. Stacked optical waveguide photobioreactor for high
density algal cultures. Bioresour. Technol. 2014, 171, 495–499. [CrossRef]

132. Hu, J.Y.; Sato, T. A photobioreactor for microalgae cultivation with internal illumination considering flashing light effect and
optimized light-source arrangement. Energy Convers. Manag. 2017, 133, 558–565. [CrossRef]

133. Nayak, B.K.; Das, D. Improvement of carbon dioxide biofixation in a photobioreactor using Anabaena sp. PCC 7120. Process
Biochem. 2013, 48, 1126–1132. [CrossRef]

134. Pegallapati, A.K.; Nirmalakhandan, N.; Dungan, B.; Holguin, F.O.; Schaub, T. Evaluation of internally illuminated photobioreactor
for improving energy ratio. J. Biosci. Bioeng. 2014, 117, 92–98. [CrossRef]

135. Murray, A.M.; Fotidis, I.A.; Isenschmid, A.; Haxthausen, K.R.; Angelidaki, I. Wirelessly powered submerged-light illuminated
photobioreactors for efficient microalgae cultivation. Algal Res. 2017, 25, 244–251. [CrossRef]

136. Kang, D.; Zhao, Q.C.; Wu, Y.H.; Wu, C.X.; Xiang, W. Removal of nutrients and pharmaceuticals and personal care products from
wastewater using periphyton photobioreactors. Bioresour. Technol. 2018, 248, 113–119. [CrossRef] [PubMed]

137. Binnal, P.; Babu, P.N. Optimization of environmental factors affecting tertiary treatment of municipal wastewater by Chlorella
protothecoides in a lab scale photobioreactor. J. Water Process Eng. 2017, 17, 290–298. [CrossRef]

138. Zhang, Q.H.; Wu, X.; Xue, S.Z.; Liang, K.H.; Cong, W. Study of hydrodynamic characteristics in tubular photobioreactors.
Bioprocess Biosyst. Eng. 2012, 36, 143–150. [CrossRef]

139. Gómez, C.A.; Espinosa, J.J.; Montenegro, L.C.; Boxtel, A.J. Twisted tubular photobioreactor fluid dynamics evaluation for energy
consumption minimization. Algal Res. 2017, 27, 65–72. [CrossRef]

140. Soman, A.; Shastri, Y. Optimization of novel photobioreactor design using computational fluid dynamics. Appl. Energy 2015, 140,
246–255. [CrossRef]

141. Chen, Z.; Xie, Y.; Qiu, S.; Li, M.; Ge, S. Enriched functional exoproteins and increased exopolysaccharides with altered molecular
conformation mutually promoted indigenous microalgal-bacterial consortium biofilm growth under high light intensity. Chem.
Eng. J. 2024, 480, 148056. [CrossRef]

142. Huang, Y.; Wang, J.; Sun, Y.; Zeng, W.; Xia, A.; Zhu, X.; Zhu, X.; Liao, Q. Non-immersed zigzag microalgae biofilm overcoming
high turbidity and ammonia of wastewater for muti-pollutants bio-purification. Water Res. 2023, 244, 120499. [CrossRef]

143. Fu, H.M.; Wang, J.; Ren, H.; Ding, L. Acceleration of start-up of moving bed biofilm reactor at low temperature by adding
specialized quorum sensing bacteria. Bioresour. Technol. 2022, 358, 127249. [CrossRef] [PubMed]

144. Kobayashi, T.; Hu, Y.; Xu, K.-Q. Impact of cationic substances on biofilm formation from sieved fine particles of anaerobic granular
sludge at high salinity. Bioresour. Technol. 2018, 257, 69–75. [CrossRef] [PubMed]

145. Sandberg, T.E.; Salazar, M.J.; Weng, L.L.; Palsson, B.O.; Feist, A.M. The emergence of adaptive laboratory evolution as an efficient
tool for biological discovery and industrial biotechnology. Metab. Eng. 2019, 56, 1–16. [CrossRef] [PubMed]

146. Arcila, J.S.; Buitron, G. Influence of solar irradiance levels on the formation of microalgae-bacteria aggregates for municipal
wastewater treatment. Algal Res. 2017, 27, 190–197. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.biortech.2016.01.136
https://www.ncbi.nlm.nih.gov/pubmed/26868153
https://doi.org/10.1016/j.biortech.2016.11.025
https://doi.org/10.1016/j.biortech.2013.11.100
https://doi.org/10.1016/j.apenergy.2010.12.037
https://doi.org/10.1016/j.biortech.2014.08.093
https://doi.org/10.1016/j.enconman.2016.11.008
https://doi.org/10.1016/j.procbio.2013.05.015
https://doi.org/10.1016/j.jbiosc.2013.06.020
https://doi.org/10.1016/j.algal.2017.05.015
https://doi.org/10.1016/j.biortech.2017.06.153
https://www.ncbi.nlm.nih.gov/pubmed/28689959
https://doi.org/10.1016/j.jwpe.2017.05.003
https://doi.org/10.1007/s00449-012-0769-2
https://doi.org/10.1016/j.algal.2017.08.019
https://doi.org/10.1016/j.apenergy.2014.11.072
https://doi.org/10.1016/j.cej.2023.148056
https://doi.org/10.1016/j.watres.2023.120499
https://doi.org/10.1016/j.biortech.2022.127249
https://www.ncbi.nlm.nih.gov/pubmed/35500834
https://doi.org/10.1016/j.biortech.2018.02.078
https://www.ncbi.nlm.nih.gov/pubmed/29486408
https://doi.org/10.1016/j.ymben.2019.08.004
https://www.ncbi.nlm.nih.gov/pubmed/31401242
https://doi.org/10.1016/j.algal.2017.09.011

	Introduction 
	Advantages of MBBFs in Comparison with Other Wastewater Treatment Technologies 
	Emerging Pollutant Removal 
	High Value of Microalgal–Bacterial Biomass 
	Carbon Capture 

	Pollutant Removal Pathways and Collaborative Mechanism of MBBFs 
	Multiple Pollutant Removal Pathways 
	Carbon Removal 
	Nitrogen Removal 
	Phosphorus Removal 

	Interactions between Microalgae and Bacteria in MBBFs 
	The Synergistic Interactions between Microalgae and Bacteria Enhance Growth Activity and Resistance 
	Competition and Antagonism between Microalgae and Bacteria 


	The Principle and Process of Establishing an MBBF 
	Establishment of an MBC 
	MBBF Formation Process 
	Establishment of Biofilm on Carrier Surface 
	EPSs Form the Backbone of Biofilms 


	Factors Affecting the Formation of MBBFs 
	Environmental Factors 
	Biological Factors 
	Carrier Factors 

	Photobioreactor Suitable for Implementing MBBF Applications 
	Open Photobioreactor 
	Membrane Photobioreactor 
	Runway Photobioreactor 

	Closed Photobioreactor 
	Plate Photobioreactor 
	Column Photobioreactor 
	Tubular Photobioreactor 


	Challenges and Future Perspectives of MBBF Coupled Wastewater Treatment Systems 
	Challenges of MBBF Coupled Wastewater Treatment Systems 
	Future Perspectives of MBBF Coupled Wastewater Treatment Systems 

	Conclusions 
	References

