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ABSTRACT ARTICLE HISTORY

The scarcity of water resources and environmental pollution have highlighted the need for Received 11 January 2022
sustainable wastewater treatment. Existing conventional treatment systems are energy-  Revised 16 March 2022
intensive and not always able to meet stringent disposal standards. Recently, algal- Accepted 17 March 2022
bacterial systems have emerged as environmentally friendly sustainable processes for waste- KEYWORDS

water treatment and resource recovery. The algal-bacterial systems work on the principle of Algal-bacterial;

the symbiotic relationship between algae and bacteria. This paper comprehensively dis- micropollutant; quorum
cusses the most recent studies on algal-bacterial systems for wastewater treatment, factors sensing; resource recovery;
affecting the treatment, and aspects of resource recovery from the biomass. The algal- wastewater treatment

bacterial interaction includes cell-to-cell communication, substrate exchange, and horizontal
gene transfer. The quorum sensing (QS) molecules and their effects on algal-bacterial
interactions are briefly discussed. The effect of the factors such as pH, temperature, C/N/P
ratio, light intensity, and external aeration on the algal-bacterial systems have been dis-
cussed. An overview of the modeling aspects of algal-bacterial systems has been provided.
The algal-bacterial systems have the potential for removing micropollutants because of the
diverse possible interactions between algae-bacteria. The removal mechanisms of micropol-
lutants - sorption, biodegradation, and photodegradation, have been reviewed. The harvest-
ing methods and resource recovery aspects have been presented. The major challenges
associated with algal-bacterial systems for real scale implementation and future perspectives
have been discussed. Integrating wastewater treatment with the algal biorefinery concept
reduces the overall waste component in a wastewater treatment system by converting the
biomass into a useful product, resulting in a sustainable system that contributes to the
circular bioeconomy.
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1. Introduction

Water is a necessary component of life on earth,
and it covers almost 71% of the earth<apos;>s
surface area. Recently, the scarcity of water has
become a major threat around the world due to
the over-exploitation of natural water resources.
The natural water environment is continuously
getting polluted due to industrialization and urba-
nization [1]. The quantity of wastewater generated
is increasing because of population growth, indus-
trialization, and wurbanization. As per World
Population Prospects 2019, the world<apos;>s
population is expected to grow to around
8.5 billion in 2030, by 2050 to 9.7 billion, and
near 11 billion in 2100 [2]. This continued
increase in the population poses challenges for
sustainable development. With the increasing
population, changing socio-economic conditions,
and variable consumption patterns, the quantity
and the quality of wastewater are changing very
fast, thereby imposing new challenges on existing
wastewater treatment systems. According to the
United Nation<apos;>s World Water
Development Report 2017, around 80% of the
total wastewater generated worldwide is disposed
of without any proper treatment [3]. The quality of
wastewater is changing due to the introduction of
new chemical products for industrial, agricultural,
and domestic consumption, leading to the occur-
rence of micropollutants or emerging contami-
nants. These emerging contaminants belong to
the category of pharmaceuticals, personal care pro-
ducts, insecticides, surfactants, pesticides, plastici-
zers, and flame retardants [4]. The ecotoxicological
effects of these emerging contaminants are still not
very well known. Most of the conventional waste-
water treatment plants in developing nations are
neither monitoring nor are designed for removing
these micropollutants, leading to their presence in
natural water bodies [5]. Moreover, with the
increasing restrictions on effluent disposal and
due to the presence of a growing number of emer-
ging micropollutants, which affect the perfor-
mance of wastewater treatment plants, the plant
operators are finding it difficult to meet the dis-
charge criteria [6].

Several pharmaceutically active compounds
(PACs) and heavy metals are present in
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wastewater streams. PACs have been greatly used
to prevent and treat diseases affecting humans and
animals in the fields of disinfection, aquaculture
husbandry, disease diagnosis, epidemic preven-
tion, disease treatment, and animal cultivation
[7,8]. PACs have a complex and stable structure,
low volatility, varying hydrophobicities among
compounds, and their occurrence at trace levels,
making their removal difficult using most of the
available conventional treatment processes [9].
PACs (antibiotics) presence helps in the develop-
ment of antibacterial resistance genes and thus are
responsible in emergence of super-bacteria which
has been considered as one of the emerging con-
cern from the past few decades [8-12]. For exam-
ple, diclofenac is said to cause antiovulatory effects
on aquatic vertebrates, while the presence of cipro-
floxacin may affect pathway of photosynthesis in
higher plants which result in morphological
abnormalities or growth inhibition [9]. Recently
studies have shown that PACs exposure among
humans has resulted in reproductive abnormal-
ities, cognitive impairment, and miscarriages
[10]. As PACs are designed to be biologically
active even at lower levels, and thus their presence
in aquatic environment can be harmful to both
targeted and non-targeted aquatic as well as ter-
restrial [7,9,11,13]. The ubiquitous bioaccumula-
tion nature of heavy metals, even at the trace level,
and the persistent concentration increase in the
environmental components has resulted in their
possible uptake through food chain, atmosphere,
and groundwater [14-17]. Studies have reported
that long-term exposure to heavy metals in con-
centrations beyond the safe limits results in var-
ious health-related issues and can also cause death
among some living organisms [14-16,18,19].
Heavy metals are genotoxic and carcinogenic and
are reported to cause kidney and liver problems to
among humans and aquatic systems [16,20].
Hence, the removal of these PACs and heavy
metals from wastewater streams is necessary.
Apart from micropollutants, emphasis has also
been given to nutrient removal in order to prevent
adverse effects on receiving water bodies.
Conventional biological nutrient removal pro-
cesses involve several combinations of anaerobic,
nitrification, and denitrification units. These sys-
tems require several reaction tanks and internal



10414 R. K. ORUGANTI ET AL.

recycling leading to high operational costs, energy
input, and process complexity. Due to the asso-
ciated process complexities, these systems require
trained personnel for the plant operation [21].
Conventional activated sludge processes primarily
remove carbon from wastewater with lesser
emphasis on nitrogen and phosphorus. The dis-
posal of nutrient-rich effluent from the wastewater
treatment plants leads to the eutrophication of
water bodies [22]. Eutrophication has several eco-
logical impacts, such as biodiversity reduction,
water toxicity, and decreased lifespan of water
bodies [23]. Previously, agriculture used to be con-
sidered as the major source for nutrient loading;
but recently, wastewater from rapidly growing
urban agglomerations in developing countries are
emerging as the major contributing source of the
same [24].

Wastewater treatment plants have environmen-
tal implications due to the greenhouse gas (GHG)
emissions during the wastewater collection, treat-
ment, and disposal. Existing conventional waste-
water treatment systems, such as the activated
sludge process, consume a lot of energy and have
high operational costs. In some cases, 60% of the
operating cost can be due to the aeration system
only [25]. GHGs such as methane (CH,), carbon
dioxide (CO,), and nitrous oxide (NO,) can be
emitted from activated sludge processes directly
or indirectly [26]. Indirect CO, emissions contri-
buting to the GHGs come from the facility<apos;
>s energy usage, such as power supply used for
aeration and pumping. As per US EPA<apos;>s
report, wastewater treatment plants contribute
around 5% of the global non-CO, GHG emissions
[27].

Several researchers have highlighted microal-
gae-bacteria association as potential consortia for
low-cost wastewater treatment, particularly for
nutrient removal, while simultaneously producing
biomass that can be used for resource recovery
[25,28-32]. Although the application of microalgae
for wastewater treatment dates back to the 1960s,
there has been an exponential increase in the
research related to the topic in the last decade.
This can be attributed to the increased awareness
regarding climate change around the globe, carbon
footprint and life cycle assessment of man-made
systems, and search for sustainable practices.

Although several researchers have reviewed the
prospects of wastewater treatment using algal-
bacterial systems [29-31], a comprehensive review
combining different aspects of algal-bacterial sys-
tems was not available. This review comprehen-
sively discusses the algal-bacterial systems for
wastewater by covering the nutrient removal,
types of reactors, quorum sensing, and aspects of
modeling along with resource recovery and future
prospects. This paper aims to present the utiliza-
tion of algal-bacterial systems for wastewater treat-
ment based on the latest literature available.
Section 2 discusses microalgal usage for waste-
water treatment. The algal-bacterial symbiosis
role in wastewater treatment and quorum sensing
interaction between algae and bacteria has been
presented in section 3 with schematic representa-
tions. Section 4 discusses the various types of
available algal-bacterial reactor configurations,
design parameters, and treatment capacities. The
micropollutant removal mechanisms such as sorp-
tion, volatilization, biodegradation, and photode-
gradation have been discussed in detail with
schematic illustration in section 5. Section 6 and
section 7 presents the modeling aspects of algal-
bacterial systems and aspects of biomass harvest-
ing, respectively. The resource recovery aspects of
algal-bacterial systems were discussed in section 8.
Finally, section 9 presents the future prospects and
challenges of using microalgal-bacterial systems
for wastewater treatment.

2. Microalgae for wastewater treatment

Microalgae are unicellular eukaryotic microorgan-
isms present in both fresh and marine water
bodies. Microalgae are photosynthetic microor-
ganisms that grow, produce oxygen, and biomass
by utilizing sunlight, carbon from CO,, and inor-
ganic nutrients. Recently, microalgal biomass has
been extensively used for the biofuel synthesis,
extraction of chemicals, and other bioproducts
[33-36]. The microalgae remove nutrients through
cellular uptake, and the produced biomass can be
used for resource recovery [37]. The major benefit
of using microalgae for wastewater treatment is the
different multiple pollutant removal mechanisms.
The pollutants in wastewater can be removed in an
algal-bacterial system through several processes



such as assimilation (uptake of nitrogen and phos-
phorus), stripping (ammonia removal at high pH),
nitrification-denitrification, oxidation of organic
carbon to carbon dioxide, and adsorption (heavy
metals removal), phosphorus precipitation and
pathogen removal due to pH fluctuations [1]. In
conventional biological-nutrient removal pro-
cesses, nitrogen removal is attained through
sequential nitrification (aerobic) followed by deni-
trification (anoxic). Removal of phosphorus
through the biological pathway requires a pre-
anaerobic step. Therefore, the conventional biolo-
gical nutrient removal process requires several
reactors, which increases the complexity of the
operations. Wastewater treatment using microal-
gae has been getting attention in recent years due
to the latter<apos;>s high nutrient uptake ability
[22,38,39]. Microalgae, through photosynthesis,
can also increase the dissolved oxygen in waste-
water. Other advantages include the generation of
nutrient-rich algal biomass that can be utilized as
animal feed and can be converted into fertilizers
and biofuel. The most commonly used approach
for wastewater treatment by microalgae is by using
High Rate Algal Ponds (HRAP) or raceway ponds
and Photobioreactors (PBRs). Several studies have
reported that high nitrogen removal, 80-100%, can
be achieved using HRAPs and photobioreactors
[36,40-42]. However, even though high removal
efficiencies can be achieved, microalgal wastewater
treatment has some limitations. One of the main
drawbacks of using HRAPs is that it requires
a larger area; therefore, it may not be a feasible
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option of treatment everywhere [21,43]. Another
drawback of the microalgae system is the poor
settleability of the biomass. Suspended microalgae
in effluent hinder achieving the TSS disposal stan-
dards [44].

3. Microalgae-bacterial systems for
wastewater treatment

3.1. Algae-bacterial symbiosis and interactions

For the microalgal-bacterial system to be compe-
titive with the existing conventional processes like
the activated sludge process, the design and opera-
tion of these systems should be such that faster
removal rates can be achieved with lesser footprint
and operational cost. Due to the simple operation,
the robustness of the system, and higher removal
efficiencies, algal-bacterial systems have been stu-
died extensively in recent years [1,35,36,45-47]. It
is well reported that algal-bacterial symbiosis
occurs in waste stabilization ponds, oxidation
ponds, and high-rate algal ponds [48]. The algal-
bacterial symbiosis was found by Oswald and co-
workers in oxidation ponds treating the waste-
water. The schematic representation of the sym-
biotic relationship between algae and bacteria is
shown in Figure 1. Microalgae utilize CO, for
photosynthesis, assimilate nutrients, and release
oxygen into the effluent stream. The oxygen
released by microalgae can be used for the meta-
bolism by heterotrophic microorganisms (bac-
teria) for oxidizing organic matter and ammonia.
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Figure 1. Schematic representation of algal-bacterial symbiosis.
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Also, inorganic carbon, nitrogen, and phosphorus
released during bacterial metabolism can be uti-
lized by microalgae [47]. The algal-bacterial sym-
biotic relationship was proven to be enhancing the
removal efficiencies [49]. Along with nutrient
removal, the algal-bacterial consortium is also cap-
able of removing micropollutants, heavy metals,
pharmaceuticals, and personal care products
[4,5,50,51]. Due to the symbiotic exchange of car-
bon dioxide (CO,) and oxygen (O,) between algae
and bacteria, the microalgae-produced in-situ
photosynthetic oxygen can substantially reduce
the expenses and greenhouse gases related to the
conventional mechanical aeration in activated
sludge systems [52].

Nutrient removal in algal-bacteria consortia is
superior in comparison to algal and conventional
systems due to multiple pathways available via
algal-bacterial ~ symbiotic  relation.  Nitrogen
removal in algal-bacterial systems occurs through
several pathways. Nitrification-denitrification is
also an important pathway for removal of nitrogen
in addition to ammonium stripping due to high
pH > 9 and assimilation by the biomass. The
oxygen produced by the microalgae helps the nitri-
fying bacteria [53]. The anoxic zones present in

the reactors help in the denitrification process
[54]. Phosphorus is also a major essential nutrient
for algal growth. Phosphorus can be removed by
either chemical or biological processes. The che-
mical mechanism through which the phosphorus
is removed is precipitation. At higher pH levels,
usually around 9, the phosphorus will get precipi-
tated. In the biological phosphorus removal
mechanism, phosphorus gets assimilated into bio-
mass through phosphorylation [23]. Though hav-
ing several advantages, the competitive interaction
and inhibitive mechanisms that exist in algal-
bacterial systems are still not well known. Table 1
summarizes the algal-bacterial consortia used for
wastewater treatment and removal efficiencies of
carbon, nitrogen, and phosphorus.

Nutrient uptake and consumption by microal-
gae for their growth can significantly reduce the
nutrient levels in wastewater, thereby enhancing
effluent wastewater quality [55]. For instance, Su
et al. [56] reported biomass accumulation as the
major nutrient removal mechanism, accounting
for around 62 % and 45 % of the total inlet phos-
phorus and nitrogen while treating municipal was-
tewater with algal-bacterial culture. Chlorella
pyrenoidosa cultivated in an open pond treating

Table 1. Different algae-bacterial consortia used for wastewater treatment.

Mode time C N P
Culture Type of wastewater Vol(L) Hord R(%) R(%) R(%) Reference
Chlorella vulgaris & Synthetic wastewater  Batch 7d 86.55 88.95 80.28 [38]
Microcystis aeruginosa 1L (COD) (TN) (TP)
Mixed algal - bacterial culture MWW Batch 14d  91.2-96.2 41.7-91.0 64.0-93.7(PO;” —P) [49]
14 L (COD) (TN)
Chlorella vulgaris & Synthetic wastewater  Batch 27-4d 78-86 33-66 - [256]
Activated sludge 30L (TOQ) (TN)
Mixed algal bacterial culture ~ MWW Batch 8d 95-98 77-98 55-73(PO;” —P)  [56]
14 L (COD) (TKN)
Mixed algal Synthetic wastewater ~ Batch 12h 9.7 70.5 89.9(PO}~ —P)  [257]
bacterial culture 14 L (COD) (TN)
Mixed algal Synthetic wastewater Semi batch  2d 78-86 97-99.9 94-99(PO;” —P)  [258]
bacterial culture 05L (COD) (Nitrate)
Chiorella and Scenedesmus Synthetic wastewater  Batch 2-5d - 36-66 17.2-359(PO}~ — P) [66]
20L (TN)
Mixed algal Synthetic wastewater Batch 12 h 80 65.8 89.3 [127]
bacterial culture 40L (COD) (TN) (TP)
Mixed algal-bacterial culture  Synthetic wastewater Batch 15 h 80-86 30-50 60-75 [54]
30L (COD) (TN) (TP)
Mixed algal Domestic wastewater ~ Semi cont. 2-10d  83-88 50-70 80-93(PO;” —P)  [226]
bacterial culture 05L (TOQ) (TN)
Mixed algal Primary treated MWW  Conti. 10d 90 70 85(PO;™ —P) [259]
bacterial culture 31L (TOO) (TN)
Mixed algal DWW Batch 4d - 92-97(NHy —N)  70-73(PO;” —P)  [41]
bacterial culture 8000 L

R (%)- Removal Efficiency; MWW-Municipal wastewater; DWW-Domestic wastewater; COD-Chemical oxygen demand; TOC-Total organic carbon; TN-
Total Nitrogen; PO?[ — P - Phosphate; TP-Total Phosphorus; NH; — N-Ammonia Nitrogen; TKN-Total Kjeldah! Nitrogen



domestic wastewater showed NH,-N removal of
95 % and TP removal of 81% [57]. Garcia et al.
[58] reported that biogas scrubbing enhanced the
TN removal from 31 to 81% and P-PO,* removal
from 59 to 64%. This increase in the nutrient
removal rate was attributed to the high algal
growth rate facilitating high nutrient assimilation.
The inoculum ratio of algal biomass to bacterial
biomass can influence the treatment efficiency.
Amini et al. [59] evaluated the effect of algal to
activated sludge inoculum ratio (5:1, 1:1, and 1:5)
on the performance of semi continuous photobior-
eactors treating domestic wastewater. They have
observed that the inoculum ratio of 5:1 showed
maximum ammonium and phosphorus removal
efficiency. An increase in nitrogen removal can
be achieved with an increment in the inoculum
ratio of algae to bacteria [60].

The algal-bacterial association is not just lim-
ited to the exchange of carbon dioxide and oxy-
gen, but it covers a wide range of other possible
interactions. The algal-bacterial interaction may
exhibit mutualism, commensalism, and parasitism
[61]. Mutualism is a process of ecological inter-
action in which both species are benefitted from
each other. For example, several researchers have
reported that the bacteria supplied vitamin B;, to
the microalgae, and in exchange, microalgae sup-
plied the fixed carbon to the bacteria [62-64]. In
another study, Kim and co-workers [65] showed
that Rhizobium sp., when co-cultured with
Chlorella Vulgaris, promoted the algal cell count
by 72% due to the mutualistic relationship.
Several studies have stated that the formation of
granules or aggregates improves the biomass set-
tling properties in algal-bacterial cultures
[44,66,67]. The extracellular polymeric substance
formation due to the mutualism has been
reported as the major reason for microalgal-
bacterial flocs generation, which benefitted the
downstream processing [68]. The algal-bacterial
associative interaction can compensate for the
micronutrient deficiency, which is a basic
requirement for growth. To overcome the limita-
tion of key micronutrients, the bacteria and
microalgae produce siderophores, which bind to
the needed element and increase its solubility. For

BIOENGINEERED 10417

example, Amin and co-workers [69] have
reported that the bacteria promoted algal iron
uptake by facilitating the photochemical redox
cycling of siderophore chelate compound Fe-
vibroferrin. In return, microalgae released organic
compounds such as amino acids, sugars, and
lipids that are used for bacterial growth promo-
tion in a mutualistic relationship. In
a commensalism type of relationship, one of the
species gets benefits while the other neither
receive any discernable benefit nor get harmed.
A study done by Villa and co-workers [70]
showed that the Azotobacter vinelandii could fix
the nitrogen under reduced carbon availability by
producing a variety of siderophores. The micro-
algal species Scenedesmus sp. BA032 and
Neochloris oleoabundans were able to utilize the
siderophore azotobactin as a nitrogen source [70].
Parasitism is a way of symbiotic relationship in
which one species, called a parasite, lives on
another species, thereby causing harm to the lat-
ter. Most of the bacteria negatively affect the
microalgae and are extensively used to control
the algal blooms [71]. The lysis of algal cells by
the action of cellulases and other enzymes leads
to the bacterial utilization of intracellular com-
pounds [72]. Moreover, another way of parasit-
ism exists, in which the competition for available
nutrients results in a slower growth rate of
a particular species and eventually outcompeting
their existence after several generations [61]. For
example, Zhang et al. [73] reported that the algae
species Chlorella pyrenoidosa might hinder the
growth of the bacteria under high carbon con-
centrations in the medium. However, these inter-
actions exist in a continuum, and the lines that
delineate mutualism, commensalism, and parasit-
ism are not clear [74]. The plasticity of these
interactions from mutualism to parasitism via
commensalism is strongly dependent on the
environmental conditions [72]. For example,
Cabrerizo and co-workers [75] demonstrated
that the incident solar radiation and nutrient
pulses are able to regulate ecological functioning
by changing from photoautotrophic to mixo-
trophic conditions. Another study done by
Gonzélez-Olalla et al. [76] shows that depending
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on temperature and nutrient availability, the
algal-bacterial interaction shifted from bacterivory
regulated by algae to commensalism.

3.1.1 Quorum sensing molecules and their effect
on algal-bacterial population dynamics

The interaction between algae and bacteria covers
the substrate exchange, cell to cell communication,
and horizontal gene transfer. The cell to cell com-
munication process between the species present in
an ecological system is known as quorum sensing
(QS). QS is a population-dependent interaction
mechanism in bacterial cells facilitated by exchan-
ging small signaling molecules, which helps in
coordinating gene expression and performing eco-
logical functions [28]. These interactions are
caused by signaling molecules such as auto-
inducers (AI-2), N-acyl-homoserine lactones
(AHLs), indole-3-acetic acid (IAA), and auto-
inducing peptides (AIP). Gram-negative bacteria
usually secrete tiny sensing molecules such as
AHLs, while gram-positive bacteria secret AIPs as
sensing molecules [77]. The schematic illustration
of the quorum sensing and algal-bacterial interac-
tions has been shown in Figure 2. The complex
interactions of these signaling molecules are
expected to occur in the phycosphere, a diffusive
boundary layer region surrounding the algal cell in
which the algal exudates influence co-occurring
organisms [78]. Microalgae can provide nutrients

for bacteria and stimulate their proliferation by
secreting substances that also can enhance biofilm
formation [79]. Microalgae have the capability for
sensing the bacterial quorum signals and respond
accordingly. For example, Zhou and co-workers
[80] investigated the effect of signaling molecule
AHLs extracted from bacterial activated sludge on
microalgae Chlorophyta sp. The findings of the
study showed that with the addition of AHLs, the
algae formed self-aggregated flocs of 200 um while
enhancing the settling efficiency from 8% to 41%.
This was attributed to the secretion of aromatic
protein by algae in response to the bacterial AHLs,
which was supported by transcriptomic analysis
[80]. In support of this, Zhang and co-workers
[81] provided evidence on the role of bacterial
AHLs on the algal-bacterial granular sludge devel-
opment. In another study, Amin et al. [82]
reported that the bacterial species Sulfitobacter
promoted the cell division in diatoms by secreting
indole-3-acetic acid. Bacterial movement and bio-
film development are controlled by QS. For
instance, Fei et al. [83] have shown that the QS
influences the colonization of diatom surfaces by
the bacteria. The study evaluated the association of
three bacterial symbionts — Phaeobacter sp. F10,
Alteromonas macleodii F12, and Sulfitobacter pseu-
donitzschiae F5 with the diatom Asterionellopsis
glacialis. The results showed that even though all
three bacteria have the required genes necessary
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for motility and attachment, only two symbionts
were able to synthesize QS signals. Zhang et al.
[81] have explored the role of AHLs compounds in
algal bacterial granular systems. They have
reported that at a lower light intensity, higher
production of AHLs mainly C6-HSL and 30C8-
HSL, contributed to the EPS production and bio-
film formation. Das et al. [84] have reported that
the addition of quorum sensing molecules recov-
ered from anaerobic sludge to the microalgal cul-
ture Chlorella Sorikiniana increased the algal
productivity and lipid content by 2.25 and 1.8
times respectively. The bacteria QS molecules
were identified as bacterial siderophores, autoin-
ducing oligopeptides, N-Hexanoyl-L-homoserine
lactone, and N-3-oxohexanocyl-L-homoserine lac-
tone. In the same study, it was reported that the
algal cells secreted QS inhibitory molecules such as
B cyclodextrin, dimethyl sulphohonio propionate,
5-4-5-bromomethylene-3-butyl-2-5 H-furanone,
and halogenated furanones for the bacterial toxins
inactivation. Microalgae responses to the environ-
mental pressures, such as bacterial competition,
are self-protective responses. For example, Zhang
et al. [85] reported that when the QS molecules,
extracted from activated sludge, were added to
Chlorophyta sp. culture, the lipid productivity
increased by 84 %. This increase in lipid produc-
tivity was ascribed to the addition of QS molecules
that stimulated Acetyl-CoA enzyme production
which is the primary compound in fatty acid
synthesis. To confirm this, in the same study,
they have added synthetic QS molecule C6-HSL
(N-hexanoyl-L-Homoserine lactone) to promote
the lipid synthesis. The biomass productivity and
lipid productivity stimulated by synthetic C6-HSL
were identical to the QS molecules extracted from
the activated sludge. Ji et al. [38] have evaluated
the algal-bacterial symbiotic relationship between
Chlorella sp., and Bacillus licheniformis by analyz-
ing the quorum sensing molecules which auto-
induced peptides (AIP) and bis (3’-5") diguanylic
acid (c-di-GMP).

Algae and bacteria can interact between their
cross kingdoms and is a new area of research
[86]. TAA is a widely known cross-talk signal
molecule. This endogenous phytohormone found
in plants and algae can be produced and released
by a variety of bacterial species. For instance, Dao
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et al. [87] have reported that bacterial strains iso-
lated from Scendesemus sp. promoted the algal
growth by producing the IAA. In the same study,
it was reported that microalgae also secreted signal
substances and IAA synthetic substance (trypto-
phan). In a further study, Peng et al. [88] showed
that bacterial species Azospirillum Brasilense pro-
moted the growth of algal species Chlorella soro-
kiniana and Auxenochlorella protothecoides by
producing IAA. However, the effect of IAA or
A. brasilense was species-dependent showing
higher growth promotion in C. sorokiniana than
that of A.protothecoides. High IAA secreting bac-
terial species such as  Rhizobium  and
Agrobacterium could enhance the microalgal
growth by 65-80% compared to the control sam-
ple [89]. AHLs are the QS molecules produced by
gram-negative bacteria, which promote extracellu-
lar polymer substance (EPS) production, microbial
attachment, and biofilm formation [90]. The activ-
ity of quorum sensing molecules plays a significant
role in the formation of biofilm. Liu et al. [90] has
reported that high levels of AHLs were observed in
younger biofilms than mature biofilms. The low
AHLs levels were attributed to an increase in the
proportion of quorum quenching (QQ) bacteria in
mature biofilms. For instance, Giines and Tagkan
[91] used the QQ strategy for controlling biofoul-
ing in membrane photobioreactor using
Rhodococcus sp. BH4 as QQ bacterial species.
They have reported a reduction in EPS production
and cake formation on biofilm, leading to an over-
all decrease in transmembrane pressure by 37%
compared to control. There are still more knowl-
edge gaps in the understanding of these algal-
bacterial interactions. The exploration of sensing
mechanisms between algae and bacteria is much
needed and helps in identifying the suitable stra-
tegies for real scale systems.

3.1.2 Horizontal gene transfer

Horizontal gene transfer (HGT) is a crucial factor in
the evolutionary process, in which the genetic mate-
rial is exchanged horizontally rather than a parent to
offspring via vertical transmission. HGT is ubiqui-
tous in microalgae due to a long history of the co-
evolution process. This HGT makes the eukaryotic
microorganisms functionally diversified and capable
to survive in extreme environments. For example,
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the phylogenetic analysis of Galdieria sulphuraria, an
extremophilic red algae species that survives in hot,
toxic, and acidic environments, revealed that this
species acquired exceptional metabolic capabilities
to grow either heterotrophically or photoautotrophi-
cally, by utilizing more than fifty carbon sources,
from at least 75 genes of different bacteria and
archaea by HGT [92]. Marchetti and co-workers
[93] showed that pennate diatoms, Fragilariopsis
and Pseudo-nitzschia, have acquired the capability
to synthesize iron-concentrating protein, ferritin,
via lateral gene transfer. Most of the functionally
significant genes are laterally transferred to eukar-
yotes from bacteria because of the vast metabolic
diversity of the bacteria [94]. HGT transfer plays an
important role in adaptive advantages to environ-
mental stresses.

3.2 Algae-bacterial treatment systems

These are of two types: suspended growth and
attached growth systems.

3.2.1. Suspended growth systems

Algae-bacterial consortia in suspension have been
used for wastewater treatment for several decades
and include open and closed bioreactors. Open

Biomass n inflow

Harvest

(d) ()

bioreactors are pond systems that can be either natural
or artificial.

High rate algal pond (HRAP). HRAPs are the
most extensively utilized algal-bacterial systems
for wastewater treatment [95-98]. HRAPs have
the ability to treat wastewater with low consump-
tion of energy compared to traditional wastewater
treatment processes while at the same time produ-
cing valuable biomass for resource recovery [99].
HRAPs were first developed at the University of
California for wastewater treatment using algal
biomass [100,101]. HRAPs are low cost wastewater
treatment techniques compared to conventional
activated sludge treatment techniques [102]. The
schematic representation of the HRAP has been
shown in Figure 3(a). The HRAP design includes
a raceway-style pond with shallow water depths,
typically 0.2-1.0 m. The gentle mixing is provided
using a paddle wheel, giving a horizontal flow
velocity of 0.15-0.3 m.s_'. This allows the prolif-
eration of microalgae which results in nutrient
removal due to the latter<apos;>s assimilation
into biomass [103]. The algal photosynthesis
results in high dissolved oxygen, which facilitates
the aerobic microbial degradation of organic
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Figure 3. Schematic representation of algal-bacterial systems (a) high rate algal pond (b) flat-plate PBR (c) tubular PBR (d) bubble

column PBR (e) internal-looping column PBR (f) membrane PBR.



matter. Because mechanical aeration is not
required, these systems consume far less energy
than the activated sludge process (0.02-1 kWh/
m> of water) [104]. The design parameters, algal
productivity, and nutrient removal efficiency of
HRAPs have been summarized in Table 2. The
depth of the HRAP is one of the decisive factors
which influences biomass productivity. Arbib et al.
[105] has shown that a pond with a 0.3 m depth
yielded higher biomass productivity than one with
a depth of 0.15 m. This increase in the productivity
with the depth is because of the increase in photo-
synthetic efficiency of the algal cells under light-
limiting conditions [101]. In another similar study,
Sutherland et al. [106] investigated the perfor-
mance of the HRAPs operated at three different
depths, viz. 200, 300, and 400 mm. They have also
reported that overall areal microalgal productivity
increased with an increase in depth. However,
after a certain depth, the light intensity was so
low that the photosynthetic activity ceased [101].
For increasing biomass productivity and nutri-
ent removal, several operating strategies have to be
adopted. Recently, Sutherland et al. [107] have
evaluated the performance of HRAPs operated in
series at HRT of 4 days versus reactors in parallel
conditions operated at an HRT of 8 days. It was
observed that microalgal productivity and nutrient
removal were more in the series type than the
parallel one. The microalgal productivity in full
scale HRAPs is often lesser than the pilot scale
HRAPs regardless of environmental conditions.
In another study, Sutherland et al. [108] reported
the effect of the size of the HRAPs on the micro-
algal productivity by comparing the performance
of three different HRAPs having areas- 5 m’
(mesocosm), 330 m* (pilot scale), and 1 hectare
(full scale). They reported that the microalgal pro-
ductivity was more in pilot scale compared to the
other two systems. This increase in the microalgal
productivity was attributed to higher mixing fre-
quency and increased photosynthetic capability
under light limiting conditions in the pilot scale
system. As the size of the HRAP increases, the
intensity of vertical mixing decreases, and the
laminar regime induces dead zones in long chan-
nels leading to the sedimentation of the algal cells
at the bottom of the pond [109]. It was also
reported that the increase in vertical mixing
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favored the medium dark/light cycles under low
light resulting in higher photosynthesis in smaller
HRAPs. Microalga production and wastewater
treatment in HRAPs can be increased by optimiz-
ing the light penetration by modifying pond depth
or algal concentration and hydraulic retention
time as per season [110]. However, the HRAPs
require a large area compared to other treatment
systems which 1is very difficult to provide
nowadays.

One of the drawbacks of the HRAPs is the
difficulty in separating biomass after treatment.
In HRAPs, the biomass consists of microalgae
and mixed bacterial populations forming sponta-
neous flocs (20-200 um), which can be partially
settled by gravity without any chemical addition
[44]. Gutiérrez et al. [95] studied the effect of
biomass recycling (2-10% on dry weight) on the
harvesting efficiency of biomass. The results
showed that recycling improved the harvesting
efficiency to 95% with settling velocities greater
than 1.6 m/h. Recycling of biomass induces
changes in species diversity. It was shown that
10% (on dry basis) of biomass recycling reduced
the Chlorella sp. dominance by increasing the
rapidly settling species such as Stigeoclonium sp.
(which is only present in the recycled reactor) and
diatoms from 0.7% to 7% [95].

Photobioreactor (PBR). Photobioreactor (PBR)s
provide controlled and suitable environmental
conditions (light, nutrients, temperature, mixing,
etc.) for algal growth [111]. In the open cultivation
systems, maintaining monoculture strains is diffi-
cult as there is a chance of invasion by other
species. Various types of PBR configurations are
available such as flat-plate, column, tubular, airlift
reactors, stirred tank., hybrid PBRs. The schematic
representation of different types of photobioreac-
tors has been shown in Figure 3(b-f). One of the
earliest forms of the PBRs developed was Flat-plate
PBR. Flat plate PBR consists of a flat thin surface
media on which microalgae gets attached. The
advantages of Flat plate PBRs include high illumi-
nation surface to volume ratio and minimal
mechanical requirements [112,113]. Yang et al.
[114] cultivated Scenedesmus Obliquus and
Chlorella Vulgaris on vertical flat plate PBR and
obtained more than 99% nutrient removal at
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a retention time of 8 days while treating municipal
wastewater. One of the limiting factors in flat-plate
PBRs is light attenuation inside the reactor due to
the biomass. To reduce the light shading effect Sun
et al. [112] embedded hollow polymethyl metha-
crylate (PMMA) tubes as light guides which
resulted in a 23.42 percent increase in biomass
production compared to that of without PMMA
tubes.

Column PBRs are configured in vertical column
position. The air or CO, is supplied in the form of
bubbles for mixing and generating turbulence
needed for adequate suspension. Column reactors
have a defined circular fluid flow and efficient gas-
liquid transfer [111]. The column<apos;>s dia-
meter should not exceed 0.2 m to avoid light
attenuation inside the reactor. The height of the
column is restricted to 4 m concerning the struc-
tural reasons and mutual shading effect [115]. The
agitation caused by the bubbles induces a little
shear stress compared to mechanical mixing,
which favors the granulation process [116].
Different configurations of column PBRs are avail-
able such as bubble column PBR, draft-tube airlift
column PBR [117], split column airlift PBR [118],
external-loop column airlift PBR [115]. A water-
circulating column photobioreactor (WCC-PBR)
developed by Yang et.al [119] showed an energy
consumption of 21.1 % lower than airlift column
PBR operating with only an air compressor.
Various types of photobioreactors and their oper-
ating conditions, nutrient removal efficiencies, and
biomass productivities have been summarized in
Table 3.

3.2.2 Attached growth systems

Algal turf scrubber (ATS). ATS was created with
the goal of promoting the natural wastewater treat-
ment process. Algal Turf Scrubbing technology
was developed by Adeay and his co-workers at
Smithsonian Institution, Washington D.C in
a way of promoting natural wastewater treatment
systems [120,121]. An ATS consists of long
inclined beds which support the formation of bio-
film. The biofilm is composed of a mixed commu-
nity containing filamentous microalgae, also called
periphytons and epiphytic diatoms algae, along
with aerobic bacteria and fungi. The wastewater
is allowed to flow down the biofilm, while
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nutrients are removed by assimilation into the
biomass. Predominant species observed were cya-
nobacteria (particularly Oscillatoria sp.,) and dia-
toms (Nitzschia sp., Navicula sp., and Cyclotella
sp.) [121]. ATS technology overcomes many inher-
ent problems associated with the growth of micro-
algae and the harvesting process. The benthic algae
grown on the turf scrubber is scraped off once in
a while into a container. In a way, increasing the
ease of harvesting and reducing the overall bio-
mass production cost [122]. Harvesting rates play
a vital role in ATS technology. Siville and Boeing
[123] have shown in a recent study that ATS was
optimized by adapting the harvest rates between 7
to 14 days while simultaneously maximizing bio-
mass production. In the same study, it was shown
that nutrient removal does not get affected by
harvest rate because of the trade-off between the
biomass growth rate and frequency of harvest rate
[123]. The hybrid system of ATS in series with the
constructed wetlands showed a significant increase
in the total nitrogen removal [124]. Different algal-
bacterial biofilm reactors, their biomass productiv-
ity and nutrient removal capacities has been sum-
marized in Table 4.

Hybrid biofilm photobioreactors. Low hydraulic
loading and high reactor footprints are restricting
the wide application of algal-bacterial plane bio-
film reactors. Recently, few studies have shown
that by wusing three-dimensional media as
a biofilm carrier, hydraulic retention times of less
than a day could be achieved. For example, Gou
et al. [125] reported that by using polyethylene
three-dimensional biofilm carriers, satisfactory
treatment performance could be obtained within
12 h of hydraulic retention time. Also, in a recent
study, Katam and co-workers [126] used the poly-
urethane sponge cubes in an algal-bacterial trick-
ling filter for treating domestic wastewater. In
their study, it was reported the C, N, and
P removal of 90%, 24%, and 37% was achieved
within 8 h HRT. Tang et al. [127] used spherical
carrier media supported on polymethyl methacry-
late layer for algal-bacterial biofilm formation in
a sequential batch reactor with 12 h HRT. They
have reported that there was a significant increase
in nitrogen and phosphorus removal efficiencies
compared to sequential batch biofilm reactors.
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Choudhary et al. [128] have used nonwoven spun-
bond fabric as the support for biofilm and
achieved biomass productivity of 3.62 g/m?/d
while treating domestic grey water.

Membrane aerated biofilm reactor (MABR).

Membrane aerated biofilm reactor (MABR) is
a novel type of wastewater treatment system in
which the hydrophobic membrane acts as
a biofilm carrier and is used as bubble-free air
diffuser. In a recent study, Zhang et al. [129]
have shown that a significant increase in nitrogen
removal efficiency was observed in a membrane
aerated bacteria-algae biofilm reactor (MABAR) in
comparison with MABR. The increase in nitrogen
removal was attributed to the algal assimilation.

4. Physio-chemical factors affecting
algal-bacterial systems

Many factors affect the interaction between the
algae and bacteria, ranging from species-specific
interactions, operating conditions such as hydrau-
lic retention time and solids retention time, as well
as environmental factors such as temperature, pH,
light intensity, photoperiod (light-dark cycle), and
mixing conditions [130,131]

4.1 pH & temperature

Every biological system is inherently dependent on
the pH and temperature of the system. For most
microalgal species, the ideal pH for growth is 8.2
8.7, although it can be buffered between 7 and 9
[111]. The pH of the system depends on the CO,
supplied due to the chemical equilibrium between
H,CO;, HCO;™, and CO5™2 species. It is very
common to notice that the consumption of CO,
by the algal biomass causes an increase in pH
[132]. Also, sometimes the excessive supply of
CO, will drop the pH to the acidic region leading
to algal cell lysis [133]. Therefore, the pH of the
system should be controlled at the optimum range
to favor algal growth.

Temperature, which directly influences the bio-
chemical processes, is a crucial component in the
growth of microalgae and bacteria. Each species
has an optimum temperature range within which
it will grow at the fastest rate. Outside the range,

the biomass growth rate slows down and stops
abruptly at one point. The temperature changes
are inevitable due to diurnal cycles and seasonal
variations. For most of the algal species, the most
suitable temperature is 20-30°C. Increases in tem-
perature within the optimum range have a positive
influence on the photosynthesis process and cell
division due to Calvin cycle related activities [134].
The temperature change affects the photosynthesis
activity due to the complex kinetics of the ribu-
lose-1,5-bisphosphate (Rubisco) enzyme. This par-
ticular enzyme is engaged in two pathways with
the dual role of carboxylase and oxygenase activity.
The Rubisco enzyme<apos;>s carboxylase activity
increases with temperature up to a particular
point. Above 30°C, the affinity of the enzyme
towards CO, reduces, thereby decreasing the
photosynthetic activity [135]. Mayo [136] reported
that at a temperature more than 40°C, Chlorella
vulgaris species become less tolerant to acidic pH.
Because at higher temperatures, the cytoplasm gets
damaged, which leads to hydrogen ion penetration
into chloroplasts. Lower temperatures affect the
growth by altering the enzymatic activities of the
cells [111,137]. In algal-bacterial systems, the
microalgae coexist with heterotrophic bacteria,
nitrifiers, and ammonium oxidizing bacteria
(AOB) [138]. Gonzalez-Camejo et al. [139] evalu-
ated the ambient temperatures effect on the con-
sortium of microalgae (Chlorella sp) and nitrifying
bacteria. The performance is unaffected by tem-
perature changes between 15 and 30°C; however,
at temperatures above 30°C, microalgal activity is
completely stopped. At the same time, an increase
in the temperature increased the AOB leading to
a competition for ammonia among the species.
The lipid accumulation of the microalgae is also
strongly influenced by temperature and it is
dependent on the type of species. A temperature
rise from 20 to 25°C increased the lipid accumula-
tion in N. oculata sp. (from 7.90 to 14.92%), while
a temperature increase from 25 to 30°C decreased
the lipid content from 14.71 to 5.90% in C. vulgaris
sp [140]. The response of the algal-bacterial strains
to low and high temperatures is species-specific.
Wu and co-workers [141] reported that at 25°C,
they had observed maximum microalgal lipid con-
tent (32.9%), whereas maximum lipid productivity
and biomass concentration were achieved at 30°C
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for Monoraphidium sp. SB2 strain cultivated in
a synthetic medium.

4.2. Light intensity

Microalgae, being phototrophic organisms,
synthesize organic matter in the presence of light
by assimilating nutrients and dissolved inorganic
carbon. Several studies have shown that the light
intensity and the light-dark cycle period are the
major factors influencing the productivity of
microalgae [35,142]. It is well documented that
the changes in light intensity cause an immediate
effect on organic removal rates, algal photosynth-
esis, and nitrification process by bacterial cells
[143]. Lee et al. [142] investigated the effect of
photoperiod conditions (12:12, 36:12, and 60:12 h
dark-light cycles) on the removal of nutrients and
biomass productivity. The result shows that the
carbon removal was positively related to the length
of the dark period and inversely with regard to
nitrogen and phosphorus removal. The light inten-
sity also influences the formation of settleable
algae-bacterial granules. From a study conducted
by Zhang et al. [81], it was observed that an algae-
bacterial granular sludge, cultured at low intensity
(142 + 10 umol m 2s '), has shown superior set-
tling characteristics. The reason was attributed to
the production of extracellular polymeric sub-
stances predominantly composed of tryptophan
and aromatic proteins having much larger weight
[81]. Light intensity also has an effect on lipid
accumulation, oxygen production, and biological
community structure [144]. Providing high light
intensities will cause photo-inhibition in microal-
gae and nitrifying bacteria. It was reported by
Vergara et al. [145] that providing high light inten-
sity increases nitrite accumulation due to photo-
inhibition of nitrite-oxidizing bacteria (NOB).
Kang and co-workers [146] studied the effect of
blue light with supplementary aeration on carbon
and nitrogen removal efficiency. When algal bio-
mass was weakly irradiated with blue light
(500 umol m~>s™") and provided with supplemen-
tary aeration, the ammonia removal efficiency
increased from 38.5% to 96.3%, and the algal
growth also increased from 72.5 mg L' to
345.3 mg L', It was reported that the increase in
the intensity of blue light led to the photo-

BIOENGINEERED 10427

inhibition of nitrite-oxidizing bacteria (NOB),
whose c-type cytochrome is photo-bleachable at
408 nm [146]. However, higher biomass concen-
trations in the reactors obstruct the light penetra-
tion; therefore, nitrifying bacterial photo
inhibition can be reduced significantly due to
higher biomass concentrations [145]. Therefore,
it can be understood that the light intensity and
light/dark cycle are required to be optimized for
the real-scale application of algae-bacterial systems
for wastewater treatment.

4.3 Nutrients and C/N/P ratio

The microalgae biomass has a representative stoi-
chiometric formula as C;ycH;51045N ;P [147-
149]. C/N/P ratio of algal biomass is approxi-
mately 50/8/1 on weight basis [150]. Most waste-
waters do not have a similar ratio required for the
optimum growth of microalgae [151]. When
microalgae and bacteria require organic carbon
under mixotrophic or heterotrophic circum-
stances, carbon might be a limiting factor [56].
Most domestic wastewaters have a low C/N/P
ratio compared to algal biomass composition,
which limits nutrient removal due to carbon lim-
itation [41,152]. To overcome the limitation, exter-
nal addition of carbon by aeration or through the
addition of carbon dioxide could enhance the bio-
mass productivities and effective removal of nutri-
ents from wastewater [153]. The N:P molar ratio
of more than 30:1 leads to phosphorus limitation,
and the N:P molar ratio of around 5:1 leads to the
nitrogen limitation [149]. The composition of
domestic wastewater has been summarized in
Table 5. It can be observed that most of the
domestic wastewaters are carbon deficient. The
microalgae are grown in wastewater often get
exposed to more than two orders of nutrients
found in natural sources; hence the growth can
be limited by carbon and light [149].

4.4 External aeration

Several studies have shown that the photo-oxygen
generated by algal biomass is sufficient enough for
heterotrophic bacterial oxidation of organic matter
under no-aeration conditions, and satisfactory car-
bon removal has been achieved [154,155].
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However, contradicting this observation, other
researchers have shown that the addition of exter-
nal aeration improves the removal efficiency [54].
Kang et al. [146] have reported in their study that
under the limiting light condition, additional
external aeration enhanced the BOD removal
from 64.4 to 98.9% and the ammonical nitrogen
removal from 64.4% to 98.9 %. Usually, domestic
wastewater contains a low C/N ratio compared to
that of algal biomass; therefore, nutrient removal
can be enhanced by the addition of external aera-
tion, which supplements the carbon required in
the form of carbon dioxide [156]. However,
whether the composition of wastewater necessi-
tates the requirement of aeration or not, it is
required to control the pH of the system. Else,
suitable pH neutralization mechanisms need to
be employed. Microalgae consume carbon dioxide,
which tends to increase the pH of the system by
more than 10. High pH values adversely affect the
performance of algal-bacterial systems [21]. The
CO, addition would prevent the mixed liquor pH
rise due to photosynthetic activity and thereby
reducing ammonia nitrogen losses through strip-
ping and phosphorus precipitation. Hende et al.
[157] found that increasing the inorganic carbon/
organic carbon ratio would improve the algal
growth rate. The aeration helps to keep the algae-
bacterial biomass in suspension mode. The turbu-

exchange and in the formation of algal-bacterial
granules which have high settling characteris-
tics [54].

5. Micropollutant or ‘emerging contaminant’
removal in algal-bacterial systems

The occurrence of micropollutants or ‘Emerging
Contaminants’ (EC) in water bodies is a matter of
increasing environmental concern around the world.
Micropollutants present in an aquatic environment
in ng/L — ug/L levels and consist of a wide range of
organic and inorganic compounds which have
anthropogenic as well as natural sources. Sources of
man-made  micro-pollutants  are  diverse.
Inadequately treated industrial effluents, surface
run-off, illegal dumping (more relevant to develop-
ing nations) are the main sources of micropollutants
in the aquatic environment. Domestic wastewaters
also contribute significantly to micropollutant con-
tamination since most of the antibiotics and phar-
maceutical products eventually leave the human
body through excretion [158].

Micropollutants have a harmful, carcinogenic,
and mutagenic effect on the life forms exposed to
them over time. The anthropogenic micropollu-
tants include pharmaceutical and personal care
products, industrial chemicals, steroids & hor-
mones, bulk pharmaceuticals, insecticides, pesti-

lence caused by aeration helps in better substrate  cides, herbicides, heavy metals, endocrine
Table 5. Characteristics of domestic/municipal wastewater.
Nitrogen Phosphorus

Wastewater type pH Carbon (mg/L) (mg/L) (mg/L) Reference

MWW 74 816 + 129 110 + 16 153 + 1.3(PO;” — P) [278]
(CoD) (TN)

MWW 72 £05 2456 + 16 1013 +28 52+ 13(PO; —P) [126]
(TOQ) (TN)

DWW 7.6 +03 411 + 156 370 £ 93 92+26 [279]
(CoD) (TKN) (TP)

Mww 7.04 460 146 6.54 [280]
(CoD) (TKN) (TP)

DWW 74 +02 93 £ 12 34+5 235 +28(PO; —P) [281]
(COD) (TN)

DWW 74 £ 0.15 430 + 198 60 + 11 87 %16 [282]
(Cop) (TKN) (TP)

DWW 7.5+ 0.1 390.6 + 25 555+ 5.1 95+08 [283]
(CoD) (TN) (TP)

DWW 7.7 0.1 494 + 21.9 216 +20 71 +07(PO; —P) [284]
(COD) (TN)

MWW - Municipal wastewater; DWW — Domestic wastewater; COD-Chemical oxygen demand; TOC-Total organic carbon; TN-Total Nitrogen; PO3™ —
P - Phosphate; TP-Total Phosphorus; NH; — N-Ammonia Nitrogen; TKN-Total Kjeldahl Nitrogen



disruptors, surfactants,
products [158].

The conventional wastewater treatment systems
are not specifically designed for micropollutant
removal. As a matter of fact, the guidelines for
designing wastewater treatment plants (WWTP)
do not discuss anything on micropollutants.
Several advanced treatment techniques for EC
removal have been tried, which include advanced
oxidation processes, chemical precipitation, etc.
But these methods have limitations as these are
energy-intensive, require separate treatment units,
and the sludge disposal can also be problematic.
Algal-bacterial systems have been found to be an
attractive alternative. Several studies have shown
that the microalgae are very efficient in removing
the EC of concern [4,159-162]. Microalgae remove
EC by sorption, biodegradation, photodegradation,
and volatilization [4,163]. The schematic illustra-
tion of different mechanisms involved in EC
removal by algal-bacterial systems has been
shown in Figure 4.

and disinfection by-

5.1 Sorption

Sorption is the process of transferring a compound
from an aqueous phase to a solid phase via surface
adsorption or absorption via
Adsorption is the process of adhesion of soluble
substances onto suitable physical surfaces. The

accumulation.
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sorption of EC onto any solid surface depends on
the properties of the EC and solid surfaces, such as
hydrophobicity, hydrophilicity, availability of
functional groups, and their structure. In micro-
algae, the cell wall consists of polymer substances
that are similar to cellulose and hemicellulose [5].
The presence of carbonyl, phosphoryl, and amine
functional groups on the cell wall makes the algal
cell negatively charged [5]. This causes cationic
surface pollutants to be attracted towards the sur-
face of the algae by electrostatic interaction. In
addition to the properties of EC, the adsorption
of EC on microalgal cells is highly dependent on
the prevailing environmental conditions such as
pH, temperature, and ionic strength of the solu-
tion [163]. For example, Matamoros et al. [4] have
reported that the micropollutant removal effi-
ciency was higher during the summer than during
the cold season. Pharmaceutical compounds hav-
ing high hydrophobicity (log K., > 4) were
reported to be showing high sorption affinity on
algal biomass [4]. In a recent study, Prosenc et al.
[164] reported that the bisphenol compounds with
higher K,,, were removed abiotically by adsorp-
tion, whereas bisphenols with a lower log K, were
eliminated mostly through biodegradation.

Unlike extracellular adsorption, accumulation is
an intracellular process that removes the pollutant
from the aqueous phase by assimilating it into the
cell ~structure. Accumulation acts as the
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Figure 4. Schematic representation of micropollutants degradation pathway in algal-bacterial systems.
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preliminary step for enzymatic biodegradation.
Few of the ECs are highly resistant to photolysis
and biodegradation. However, they can be
removed by algal uptake. Bai and Acharya [165]
have reported that the pharmaceuticals carbama-
zepine and triclosan were removed mainly by algal
uptake only. Godos et al. [166] also showed that
biosorption was the dominant pathway in tetracy-
cline removal during the batch assay studies hav-
ing the algal biomass from HRAP in the absence of
light. Bai and Acharya [167] have reported that the
triclosan  removal in  microalgal culture
Nannohloris sp. was mainly due to bioadsorption
and bioaccumulation.

5.2 Volatilization

Volatilization is the process of transfer of com-
pounds of interest from the aqueous phase to the
gaseous phase. The compounds which are nonpo-
lar in nature and having weak intermolecular
forces are prone to volatilization. The compounds
having a high Henry<apos;>s Law constant are
prone to volatilization, and the overall loss
depends on the intensity of mixing and aeration
provided [168]. The volatilization potential in
algae-based treatment systems is well proven for
fragrances such as galaxolide and plasticizers such
as octylphenol, nonylphenol, bisphenol-A (BPA),
and tributyl phosphate [4,169]. Longer residence
times and larger air-water interfaces available due
to photooxygen generated during photosynthesis
facilitate the volatilization.

5.3 Photodegradation

Algae-based processing technology wuses light
energy to perform photosynthesis, facilitating
a unique micropollutant removal mechanism
named photodegradation. Photodegradation is
a well-reported micropollutant removal mechan-
ism in natural environments exposed to sunlight
[170]. Few EC compounds such as ciprofloxacin
and triclosan are photosensitive [165]. Based on
the compounds involved, the process of photode-
gradation can be either direct or indirect photo-
degradation [171]. In direct photo-transformation,
the change in chemical structure is caused by the
impact of a photon that directly hits the

contaminant and induces bond breaking, photoio-
nization, or transformation into reactive excited
states [172]. The pollutants having aromatic
rings, heteroatoms, conjugated II systems, and
other functional groups are susceptible to direct
photolysis [173]. Fluorescent compounds such as
antibiotics degrade through direct photolysis, dur-
ing which the photons from the light induce cova-
lent modification and chemical damage, a process
known as photo-bleaching [163]. Antibiotic com-
pounds such as tetracycline, cefazolin, ciprofloxa-
cin, and cephapirin are highly susceptible to
photolysis in microalgal based wastewater treat-
ment systems [174]. Norvill et al. [175] have
found that 40% more tetracycline can be removed
during the daytime compared to the nighttime due
to the availability of natural sunlight. The degree
of photo-transformation is dependent on variables
such as light intensity, duration, wavelength spec-
trum, pH, temperature, dissolved ions matrix, and
suspended solids concentration [163]. The high
concentration of suspended solids in the algal
reactor can adversely inhibit the photo-
transformation process [166]. The dissociation
constants (pKa) and pH of the medium decide
whether a particular compound is in an ionic
state or a molecular state. For example, triclosan
in anionic form is a hundred times more degrad-
able than its molecular form [176].

The EC removal can be enhanced through
indirect photo-transformation when the microal-
gae are present in the system. During indirect
photo-transformation, photon strikes a secondary
compound called a photosensitizer, making it
a reactive transient species, often as a radical.
These radical species interact with the compounds
of interest and degrade them. Extremely diverse
photosensitive compounds are present in waste-
water, such as nitrates, nitrites, humic substances,
iron, and dissolved oxygen [163]. Reactive oxygen
species (ROS) are generated during the respiration
and photosynthesis process in algae and plants
(Figure 4). Microalgae produce excess ROS species
such as superoxide radical (O,"), singlet oxygen
(O3), and hydrogen peroxide (H,0,) under envir-
onmental stress conditions [177]. Bai and Acharya
[167] have shown that nitrate and humic acids
present in the wastewater promoted the tetracy-
cline degradation in the algal reactor by producing



free radicals. The organic compounds excreted by
microalgae, such as biopolymers of polysacchar-
ides and proteins, could act as photosensitizers in
the microalgae-based systems, promoting the
photodegradation of micropollutants [178]. In
algae-bacterial treatment systems, light illumina-
tion is a must for algal growth. Therefore, photo-
degradation can also play a vital role in EC
removal in algal-bacterial systems.

5.4 Biodegradation

Biodegradation of the contaminants happens dur-
ing the catabolism process in which the microbes
break the organic compounds by releasing energy.
Microalgae are highly adaptive microorganisms
that can survive in harsh environments by switch-
ing between autotrophic, heterotrophic, and mix-
otrophic metabolism [179]. It was reported that
microalgae are very efficient in EC removal
Matamoros et al. [4] evaluated the removal of
ECs such as ibuprofen, caffeine, galaxolide,
4-octylphenol, tributyl phosphate, and carbamaze-
pine fed to the algal batch reactors having
Chlorella and Scenedesmus sp. as the dominant
species. It was shown that biodegradation was the
major removal mechanism for caffeine, ibuprofen,
and carbamazepine removal. They have reported
that microalgae enhanced the ibuprofen removal
by 40%, and the lag phase of caffeine removal was
reduced by three days. The EC removal depends
on the algal species involved. Chlorella species was
reported to be very efficient in the removal of
several classes of antibiotics [174,180]. Chlorella
sorokiniana was able remove 60-100% of ibupro-
fen, diclofenac, metoprolol and paracetamol [181].
In a very recent study, Peng et al. [182] evaluated
the removal of antibiotic levofloxacin using micro-
algal species Chromochloris zofingiensis in photo-
trophic and heterotrophic conditions. The
maximum removal efficiency of levofloxacin was
obtained in heterotrophic conditions. The removal
was attributed to bioaccumulation (8%) and bio-
degradation (>90%). The possible reaction
mechanisms involved hydroxylation, defluorina-
tion, oxidation, ring cleavage, demethylation, dec-
arboxylation, denitrification, and
dehydrogenation.
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In algal-bacterial systems, the interaction
between algae and bacteria is not restricted to
the exchange of carbon dioxide and oxygen but
also includes the complementary exchange of
metabolites [183]. The oxygen produced by the
microalgae during photosynthesis helps in the
growth and respiration of bacteria to degrade
the pollutants present in the wastewater. As illu-
strated in Figure 4, the EC biodegradation starts
with the sorption of pollutants onto the micro-
algal cell surface. The pollutants get absorbed
and accumulated into the algal cells. The accu-
mulated pollutants get biotransformed or bioac-
cumulated through intercellular enzymatic
reactions by releasing some organic secretes.
These organic secrets or metabolites produced
by microalgae can be uptaken by bacteria. The
microalgae are highly tolerant to antibiotics than
the heterotrophic bacteria as antibiotics are spe-
cifically designed to kill the bacteria. Hence, the
algal-bacterial ~ symbiotic  relationship  can
enhance antibiotic removal. For instance, Ismail
et al. [184] have shown that Chlorella sp. mixed
with bacterial consortium enhanced ketoprofen
removal. Matamoros et al. [185] also reported
that more than 99% caffeine removal was
observed in combined algal-bacterial systems
than only 17% removal in sole microalgal incu-
bation. The organic exudates released by micro-
algae aided in the caffeine biodegradation by
bacteria. Prosenc et al. [164] studied the removal
of 28 ECs (pharmaceuticals, bisphenols, neoni-
cotinoids, and selected transformation products)
in monoculture of Chlorella Vulgaris and mixed
algal-bacterial culture. They reported that the
mixed algal-bacterial culture performed better
at removing bisphenols than algal monoculture.
The bisphenols having low log K, were mainly
removed through biodegradation. In a recent
study, Li et al. [186] showed that algal-bacterial
symbiosis played a major role in treating anthra-
quinone dye wastewater. They have investigated
the anthraquinone removal mechanism by com-
paring the algae treatment followed by bacterial
treatment and bacterial treatment followed by
algal treatment. It was observed that the algal
treatment followed by bacterial treatment
showed high anthraquinone removal. This was
attributed to the fact that algal species Chlorella
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was able to break the molecular bonds of anthra-
quinone and convert it into intermediate mole-
cules. These intermediate molecules were
completely uptaken by the heterotrophic bac-
teria. The symbiotic relationship of algae and
bacteria considerably enhanced the anthraqui-
none removal.

In algal-bacterial systems, the interaction
between different species and co-metabolism may
increase the transformation rate of the contami-
nant. Microalgae release organic compounds such
as carbohydrates and amino acids which can act as
substrates for co-metabolism of organic com-
pounds during bacterial heterotrophic metabolism.
In turn, the bacteria facilitate the nutrients regen-
eration, vitamins, and phytohormones promoting
algal growth [168]. For example, the addition of
microalgae to bacterial inoculum improved the
transformation rate and reduced the lag phase for
ibuprofen and caffeine removal [185]. Studies have
demonstrated that the degradation of the contami-
nants can be promoted by the addition of organic
substances or nutrients [187-189]. For instance,
Xiong et al. [190] demonstrated that adding
sodium acetate as an electron donor significantly
increased the ciprofloxacin removal efficiency
from 13% to 56% because of co-metabolism.

Surfactants hold a significant proportion of
domestic ~ wastewater  contaminants.  Linear
Alkaline Sulfonate (LAS) anionic surfactant is
a significant component in detergents and cleans-
ing agents. In a recent study, it was shown that
LAS and caffeine removal was more algal-bacterial
trickling photobioreactor in comparison to bacter-
ial trickling filter treating the same wastewater
[126]. In this study, the possible mechanism of
removal was observed to be photodegradation
and biodegradation for LAS and caffeine, respec-
tively. The schematic illustration of the mechanism
for photosynthetic enhanced degradation is shown
in Figure 4. Various studies on micropollutants
removal in algal-bacterial systems have been sum-
marized in Table 6. In a recent study, Avila et al.
[191] have evaluated the pesticides acetamiprid,
propanil, and bentazone removal in a pilot-scale
tubular photobioreactor. They have reported that
acetamiprid and propanil were effectively removed
by microalgae, and the removal was mainly due to
the algal-mediated biodegradation. However,

bentazone was not removed as it was recalcitrant.
The maximum removal efficiencies were obtained
during steady-state for propanil (99%) and aceta-
miprid (71%). Enhanced micropollutants removal
can be achieved in algal-bacterial systems due to
photodegradation and symbiotic interactions
between algae and bacteria.

6. Algal-bacterial systems modeling

Modeling is the process of a representation of
a process in mathematical form. The reactions
that take place in algal-bacterial systems are com-
plex compared to the conventional bacterial waste-
water treatment process. Mathematical modeling
offers an advantage to investigate the effect of
different factors on the system process, thus, con-
tributing to the optimization of design and opera-
tional control parameters [192]. In comparison to
conventional treatment processes, very little is
known about how the algae-bacterial systems
work, particularly with regard to interactions
between the algae and bacteria [61,72]. Several
bacterial mathematical models are well established
and currently applied in real-scale treatment sys-
tems [193,194]. The most widely used models for
the modeling wastewater treatment systems are
Activated Sludge Models ASM1, ASM2, ASM3
developed by IWA [195]. ASM3 was the latest
version which describes decay processes and cell
internal storage compounds [195]. The ASM3
model represents nitrification and denitrification
as a single step process. The bacterial activities of
ammonia-oxidizing bacteria (AOB) and nitrite-
oxidizing bacteria (NOB) are not clearly distin-
guished. The model was extended to consider two-
step nitrification and two-step denitrification with
nitrite as an intermediate compound by lacopozzi
et al. [196] and Kaelin et al. [197]. Several
researchers have modeled the different microalgae
processes [198-200]. Modeling of the algal-
bacterial systems has to consider several factors
such as light, carbon limitation, ammonia strip-
ping along with biological and hydrodynamic pro-
cesses. Arashiro et al. [289] modeled nitrogen
removal by modifying ASM3 by including two
processes pertaining to algal growth and endogen-
ous respiration. Ariza [201][] extended the model
developed by Arashiro et al. [289] by
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Table 6. Micropollutant removal efficiencies and mechanism of removal in algal-bacterial system.

Treatment system and wastewater Micropollutant & Removal efficiency
Algal species type %

Mechanism of removal Reference

Scenedesmus obliquus a Ibuprofen — (60) Biodegradation [285]
Chlorella vulgaris Lagoon water Triclosan - (100) Phototransformation
Chlamydomonas a Ciprofloxacin-(56) Biodegradation [190]
mexicana BBM media
Mixed algal-bacterial Trickling Filters LAS - (99-95.6) Phototransformation ~ [126]
culture SWwW Caffeine - (96.3-86.2) Biodegradation
Mixed algal-bacterial Anoxic-aerobic photobioreactor Ibuprofen — (94 + 1) Biodegradation [159]
culture DwWw Triclosan - (100 + 0) Bioaccumulation
Naproxen - (52 + 43) Sorption
Salicyclic acid - (98 + 2)
Propylparaben - (100 + 0)
Nannochloris sp. a Sulfamethoxazole — (40) Photolysis [165]
Lake water Ciprofloxacin — (100) Triclosan — (100) Biodegradation
Chlorella pyrenoidosa Algae activated sludge combined Cefradine - (89.9) Cephalexin — (94.9) Photodegradation [177]
system Ceftazidime - (89.7) Biodegradation
BG 11 media Cefixime - (89.7)
Chlorella sp. Aerated batch reactors Caffeine — (99) Volatilization [4]
Scenedesmus sp. Urban wastewater Ibuprofen — (60) Biodegradation
Galaxolide - (99)
Tributyl phosphate - (99)
4-octylphenol - (99)
Tris(2-chloroethyl) phosphate < (20)
Carbamazepine < (20)
Chlorella sp. 2.5 L reactor Bisphenol A — (46) Biodegradation [286]
Nitzschia acicularis Secondary wastewater Bisphenol AF - (80) Bioadsorption
Bisphenol F - (87)
2,4-dichlorophenol - (76)
Chlorella vulgaris HRAP Hormones - (7-55) Bioadsorption [287]
Scenedesmus sp., Sewage wastewater Pharmaceuticals - (17-54) Biodegradation
Westella botryoides Xenoestrogens — (41-53) Photodegradation
Volatilization
Mixed algal culture HRAP Acetaminophen - (99) Bioadsorption [185]
Urban wastewater Naproxen - (89) Biodegradation
Caffeine — (98) Photodegradation
Carbamazepine - (62) Volatilization
Ibuprofen — (99)
Galaxolide - (97)
Methylparaben - (75)
Triclosan - (95)
Celestolide — (53)
Atrazine — (85)
Diclofenac - (92)
Biophenol A - (85)
Mixed algal culture a Caffeine - (89.7) [288]
Diatom+Bacteria Laundry wastewater Cumene hydroperoxide — (84.7) LAS -
Algae+Bacteria (61.6)

Disulfoton-sulfone — (53.9)
Hexazinone - (82.3) 4-Nitrophenol —
(96.6)

Caffeine - (87.3)

Cumene hydroperoxide — (81.3) LAS -
(100)
Disulfoton-sulfone - (100)
Hexazinone — (100)
4-Nitrophenol - (100)
Caffeine - (87.9)

Cumene hydroperoxide — (52.1) LAS -
(100)
Disulfoton-sulfone - (100)
Hexazinone — (100)
4-Nitrophenol - (70.9)

Where: @ - Lab study
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incorporating two additional processes: nitrogen
storage by algal biomass and phototrophic growth
on stored nitrogen. These process parameters were
estimated by performing respirometer tests on the
photo-activated sludge. Different algal-bacterial
models available, their features, processes, compo-
nents, and their limitations have been summarized
in Table 7.

A simple model has been developed by
Zambrano et al. [202] for describing the algal-
bacterial interactions in a photobioreactor. The
bacterial processes in the model were adapted
from the Activated sludge model (ASM1), and
algal process dynamics were adapted from the
algal mechanistic model presented by Solimeno
et al. [199]. This developed model was implemen-
ted in MATLAB Simulink platform by considering
6 processes and 6 components, as shown in
Table 7. The sensitivity analysis of the model indi-
cated that the maximum algae and bacteria growth
rate half-saturation constant for carbon and bac-
teria growth yield was being the most sensitive
parameters. The model was able to predict the
concentration of ammonia and nitrate accurately.
However, the overestimation of dissolved oxygen
beyond the saturation concentration was attribu-
ted to not considering the effect of light attenua-
tion and pH dynamics in the model. In another
study, Wagner et al. [203] developed the ASM-A
model as an addition to the ASM-2d model for
simulating algal growth in HRAP and PBRs. The
model was executed in MATLAB by considering 6
processes and 11 components, as shown in
Table 7. The model was validated using the inde-
pendent data obtained from 24 L photobioreactor.
The nutrient limitations are considered according
to Droop formulation, inorganic carbon uptake by
Monod kinetics, and the light limitation was
incorporated as per the model developed by
Béchet et al. [204].

Solimeno et al. [205] developed and implemen-
ted the BIO_ALGAE model in the COMSOL-
Multiphysics platform. The model was developed
by coupling RWQM1 [206], ASM3 [196], and
Solimeno et al. [199]. This model is applicable to
PBRs and HRAPs. The model considered 19 vari-
ables with 25 physical, chemical, and biological
processes, as mentioned in Table 7. The C, N,
P limitation was included by using Monod-type

kinetics. The main characteristic of this model was
the incorporation of carbon limiting growth for
microalgae and nitrifying bacteria. The tempera-
ture dependence of the microalgae was included
by Arrhenius equation, and the light intensity
effect on algal photosynthesis was included from
the dynamic model reported by [207]. The calibra-
tion and validation of the model were performed
using the experimental data from two HRAPs
treating real wastewater [208]. Some of the new
features incorporated by the model were carbon
limitation on microalgae growth, photorespiration,
light attenuation, temperature, and pH dynamics.
The sensitivity analysis of the model shows that
light is the most sensitive parameter for algal
growth. Light intensity is regarded to be the most
important limiting factor in microalgal systems
[209]. The results indicate that the model was
able to predict the nutrient levels, pH variation,
dissolved oxygen, and biomass concentrations
accurately. Shriwastav et al. [210] developed
a comprehensive mechanistic model for simulating
algal-bacterial dynamics in a photobioreactor. The
developed model includes 37 state variables cover-
ing all the physico-chemical and biological pro-
cesses in the system. In a recent study, Yang
et al. [211] developed an algal-bacterial system
model by extending the ASM3 model with mod-
ified algal biokinetics. The model predicted that
a satisfactory level of treatment efficiency could be
achieved with an algal-bacterial biomass concen-
tration of 1 g/L within eight hours under non-
aeration conditions.

Most of the existing algal-bacterial models only
evaluated the systems for a shorter duration.
Recently, Casagli et al. [212] have developed
a comprehensive model ALBA for describing the
long-term dynamics of the algal-bacterial ecosys-
tem in a raceway pond of 56 m? treating waste-
water. The model has considered 19 processes and
17 components based on biological, physical, and
chemical parameters, as shown in Table 7.
Compared to the other models, the ALBA model
was used to evaluate the algal-bacterial systems for
a longer duration by considering the data of
443 days of operation. The model was found to
be capable of simulating both the long-term sea-
sonal dynamics and short-term nycthermal
dynamics. The Monod kinetics adopted by the
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ASM models for nutrient limitations are reported
to be overestimating growth limitation when mul-
tiple limiting nutrients are available. The ALBA
model used minimum law to incorporate multi-
nutrient limitations. They have reported that the
developed model can support the implementation
of smart control techniques such as paddle wheel
velocity control by balancing the aeration, mixing,
and degassing effects. In another study, Sheng
et al. [213] developed an algal-bacterial model
based on ASM3 model by incorporating processes
related to heterotrophic bacteria and algae. The
model was able to predict the profiles of dissolved
oxygen and pollutant removal in a photo-
sequencing batch reactor accurately. Manhaeghe
et al. [214] have analyzed the carbon fluxes in
algal-bacterial flocs under different growth condi-
tions (photoautotrophic, mixotrophic, and hetero-
trophic) using a model developed based on
respirometric-titrimetric data. The model was
able to take into account the EPS production and
consumption and accurately predict the hetero-
trophic bacterial growth and algal growth under
photoautotrophic, mixotrophic, and heterotrophic
conditions.

Most of the algal-bacterial models assumed
ideal mixing conditions in reactors which is not
true in real scale systems. Computational Fluid
Dynamics (CFD) simulation will provide
a detailed insight understanding of the clear
hydrodynamic pattern of the system. The integra-
tion of the developed models with the CFD plat-
form can help to predict the accurate biochemical
process parameters like pH, dissolved oxygen, and
other components [192]. In full-scale systems, the
components are not distributed uniformly, leading
to optical absorption and light shading of the cells.
Coupling CFD simulation with the distribution of
local light intensity could reproduce the light
intensity history of microalgae, called as flashing
effect, which has a considerable effect on photo-
synthetic activity [215].

7. Biomass harvesting

The major challenge for the microalgal application
in wastewater treatment is the separation of algae
from effluent after the treatment process [50].
Microalgae have a small size (2-20 um in
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diameter), relatively low biomass concentration
(around 1-5 g/L) because of limitation of light
penetration, and have a similar density as water.
All these factors make algae harvesting trouble-
some at industrial scale applications [216]. Algae
harvesting alone contributes to around 20-30% of
production costs depending on the species diver-
sity, culture conditions, and cell density [217,218].
The algal biomass grown in wastewater has to be
separated before discharging the treated water.
The harvested biomass can be used for resource
recovery. The harvesting methods can be mechan-
ical, chemical, electricity-based, or through biolo-
gical means [36]. Gutiérrez et al. [219] evaluated
the coagulation-flocculation with natural floccu-
lants, Ecotan and Tanfloc, for harvesting microal-
gae from an HRAP treating urban wastewater. The
results have shown that more than 90% recovery
was achieved within 10-20 min duration. In
another set of studies, Markeb et al. [220] used
magnetite-based nanoparticles as adsorbents for
harvesting microalgae Scenedesmus sp. treating
real wastewater. More than 95% harvesting effi-
ciency was achieved within 27 minutes of the
contact time. The sedimentation process is the
most primary and inexpensive way of harvesting
process. In a recent study, Leite and Daniel [221]
explored the way of optimizing the sedimentation
parameters for Chlorella Sorokiniana harvesting by
inducing high pH. More than 98% efficiency was
achieved when the velocity gradient was 250 s,
10 sec mixing time, and the pH was 12. Even
though higher biomass harvesting efficiencies can
be achieved, these mechanical, electrical based
separation  techniques are energy-intensive.
Chemical based techniques leave behind certain
chemical byproducts, which hinder further bio-
mass processing for resource recovery.
Microalgae harvesting by using bio-flocculation
has several advantages, such as zero toxicity,
higher efficiencies, and less energy consumption.
Bio-flocculation can happen due to the interac-
tions between algae-bacteria, algae-fungus, and
algae-algae [222]. The bioflocculation process is
induced by the extracellular polymeric substances
secreted by the species involved. In algae-bacterial
systems, bacterial communities play a pivotal role
in the formation of aggregates. Based on the oper-
ating conditions, the resulting algae-bacterial
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granules will have a size of 100-5000 um range,
a hundred times bigger than the microalgae cells
[131]. Lee and co-workers [223] demonstrated the
key role played by the microalgal-associated bac-
teria in Chlorella Vulgaris flocculation. In their
study, it was stated that the axenic culture of
Chlorella vulgaris has only 2% flocculation activity
compared to algal culture having associated with
bacteria which has a flocculation efficiency of
around 94%. In another study, Nguyen et al.
[224] showed that Chlorella Vulgaris cultured
with bacteria associated with wastewater attained
a flocculation activity of > 92% by bio-flocculation.
Light intensity is also a crucial factor in the pro-
duction of extracellular polymeric substances,
which helps in the granules formation. The high
settling velocity of algal-bacterial aggregates makes
biomass harvesting simple in algal-bacterial
systems.

8. Resource recovery

Numerous studies have reported that a variety of
value-added products and biofuels can be
extracted from the algae-bacterial biomass grown
during wastewater treatment. Also, clean biofuels -
methane and hydrogen can be generated from
algae-bacterial biomass through anaerobic diges-
tion. Different aspects of biofuels production
from the algal-bacterial biomass have been shown
in Figure 5. The conversion of algal-bacterial bio-
mass into a valuable resource depends on biomass
type, technology adapted, and end-use. The algal-
bacterial biomass can be converted to biofuel by
either biochemical or thermochemical conver-
sion [225].

8.1 Biochemical conversion

Biochemical conversion of biomass includes trans-
esterification, fermentation, and anaerobic diges-
tion. Biodiesel can be produced from the lipid-
containing biomass via transesterification. The
microalgal biomass grown on wastewater have
a lipid content between 10 and 30% of the dry
weight [110]. Recently, Katam and Bhattacharyya
[226] have used immobilized and suspended
microalgae and bacterial sludge cultures for bio-
lipid synthesis. Higher lipid content of 40% was

reported for the immobilized cultures, whereas
only 16% lipid content was reported for the sus-
pended cultures. The lipid accumulation in the
microalgal species depends on several associated
factors such as species involved, nutrient availabil-
ity, and operating conditions. In a separate study,
Katam and Bhattacharyya [227] showed that solids
retention time (SRT) has an effect on the lipid
content of the biomass. They have reported that
the lipid content was decreased with an increase in
solids retention time. This was attributed to the
nutrient-deprived stress conditions at low solid
retention times. Lipid productivity of more than
20 times can be obtained in heterotrophic meta-
bolism compared to photoautotrophic metabo-
lism. In algal-bacterial consortia, the bacterial
association enhances the lipid accumulation in
microalgae. For example, adding bacterial species
Azotobacter Chroococcum to the microalgae,
Chlamydomonas reinhardtii increased the lipid
production by 2.3 times compared to nutrient
depletion conditions [228]. This increase in lipid
production might be attributed to the change in
the activity of the lipid accumulating enzymes. The
nutrient limitation also triggers lipid accumulation
in the microalgal cells. Under nutrient deprived
conditions, a major part of the available carbon is
converted to lipid instead of carbohydrates and
proteins [229]. Table 8 summarizes the studies
on wastewater treatment using microalgae, high-
lighting the microalgal species used and their lipid
content.

Extracting more than one type of biofuel or
additional co-product from algal biomass
enhances the biomass value by offsetting the envir-
onmental impacts associated with the algal biore-
finery [230]. After the extraction of lipids, the
residual biomass can be subjected to alcoholic
fermentation for ethanol production or biogas
generation via anaerobic digestion. The anaerobic
digestion of the biomass and converting it into
combustible CH, gas is one of the promising
approaches for resource recovery [104]. The oper-
ating conditions of the algal-bacterial systems,
treating wastewater, affect the biochemical metha-
nogenic potential (BMP) of the biomass. Arcila
and Buitrén [231] showed a 20% increase in
BMP with an increase in the SRT from 6 days to
10 days for the algal-bacterial biomass from an
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Figure 5. Conversion technologies for biofuel production from algal-bacterial biomass [225].

HRAP operating at HRT equal to SRT. The factors
that negatively affect the BMP values are the pre-
sence of low biodegradable species like
Klebsormidium sp., Navicula sp., and Nitzschia
sp., and the low C/N ratio in the biomass due to
the increase of protein content [131]. With the
increase in the lipid content, there was an increase
in the BMP [232]. After the lipid extraction from
algal-bacterial biomass, the leftover biomass resi-
due is rich in carbohydrates and proteins, which
makes anaerobic digestion a possible way for
resource recovery []. The ultimate methane yield
from anaerobic digestion of lipid-extracted bio-
mass residue was 296 + 2 mL/g VS, and hydro-
thermal pretreatment enhanced the methane
production rate by 15-30% [233].

Biohydrogen production from algal-bacterial
biomass is also a potentially sustainable and
energy recovery process [234,235]. Microalgae
can produce biohydrogen either through fermen-
tation or photolysis. The high contents of carbo-
hydrates, lipids, and proteins in algal biomass
make it a potential feedstock for biohydrogen pro-
duction. The biohydrogen production during the
fermentation depends on the available fermenta-
tive organisms and biomass pretreatment. For
instance, Chen et al. [236] have recently studied
the effect of gamma radiation pretreatment on
biohydrogen  production from  microalgae
Laminaria Japonica biomass using dark fermenta-
tion. They observed an increase in biohydrogen by
71.4 % for the gamma pretreated biomass. Batista

et al. [237] have shown the feasibility of coupling
the urban wastewater treatment with biohydrogen
production in an integrated approach. They
reported a biohydrogen production yield of
56.8 mL/g volatile solids from the dark fermenta-
tion of Scenedesmus obliquus grown on waste-
water. Co-fermentation of algal biomass added
with co-substrate in the presence of a catalyst can
further enhance the biohydrogen production. For
example, Srivastava et al. [238] have reported
a 37.14% increase in cumulative biohydrogen pro-
duction during dark fermentation of Lyngbya lim-
netica biomass added with glucose as co-substrate
in the presence of Fe;0, nanoparticles as catalyst.
Even though biohydrogen production from micro-
algal biomass is ecofriendly, the quantity of biohy-
drogen produced is low for commercialization.
Further research is needed on different pretreat-
ment methods to enhance biohydrogen
production.

8.2 Thermochemical conversion

Despite having prospects, the scaling up of algal
biofuel production has been hindered by asso-
ciated technical, economic, and environmental
challenges [239]. Algal biofuel technologies
depend on algal species and oil extraction proce-
dures. The energy consumed by the lipid extrac-
tion process accounts for 70-90% of overall energy
usage [240]. Thermochemical conversion can be
a viable option for converting raw or leftover
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Table 8. Lipid content of various microalgae species grown on wastewater.

Lipid content

Wastewater type Algal species (% dry weight) Reference
Anaerobic digester effluent Mixed culture 15-40 [156]
WWTP effluent C. vulgaris 29.1 [292]
Chlorella pyrenoidosa 244
S. obliquus 17.0
Scenedesmus dimorphu 30.8
Mww S. obliquus 15.9 [293]
MWW S.obliquus 23.26 + 3.95 [294]
Chlorella sorokiniana 22.74 + 3.11
Synthetic wastewater S. Obliquus 11-14 [295]
MWW Scenedesmus sp., Chlorella sp., and Acutodesmus sp. 12-25 [296]
MWW (secondary treated) Chlorella pyrenoidosa 39 [297]
Mww Nannochloropsis sp., Chlorella sp., Chlamydomonas 18-25 [298]
Reinhardtii, Scenedesmus bijugatus,
and Oscillatoria.
Mww Micractinium pusillum 482 + 1.8 [299]
Mucidosphaerium 463 + 3.6
Pulchellum 304 + 0.9
Coelasteum sp. 402 £ 0.9
Pediastrum boryanum 31558
Desmodesmus sp.
DWW Mixed microalgae 15-40 [226]
Mww Chlorella sorokiniana 12 [300]
MWW + sea water Phaeodactylum tricornutum 18.3-35.5 [301]

MWW - Municipal wastewater; DWW — Domestic wastewater

biomass into a useful product. Hydrothermal
liquefaction (HTL) can convert biomass into valu-
able products such as biocrude. In this process, the
wet algal-bacterial biomass is directly converted
into liquid fuel. HTL is the process of depolymer-
ization of biomass into biocrude under controlled
temperature and pressure. HTL has been per-
formed on the algal-bacterial biomass (harvested
from wastewater bioreactors) at 300°C tempera-
ture, (10-12) MPa pressure, and 30 min reaction
time [239]. The biocrude oil yield ranged from
37.9% to 52.2%. In another similar study, micro-
algae biomass grown on domestic wastewater, sub-
jected to HTL at 27 bar pressure and 230°C
temperature for 20 min yielded a biocrude of
43% on a dry mass basis. The biocrude was rich
in ketones, aldehydes, and fatty acids [241].
Pyrolysis of the algal-bacterial biomass at a 300-
700°C temperature in an inert atmosphere yields var-
ious products such as bio-oil, biochar, and syngas.
Recently, converting algal biomass into biochar has
gained much attention due to its application in envir-
onmental remediation [242,243]. The biochar can be
used to remove the micropollutants from the aqueous
phase. Recently, Nguyen et al. [244] converted the
algal species Ascophyllum nodosum into biochar using
ZnCl, as a chemical activating agent. The synthesized

biochar had a very high adsorption capacity (150-
400 mg g') while removing ciprofloxacin. Algae is
inherently rich in protein content, making the biochar
rich in nitrogen without any additional chemical
modification. This makes the algal-derived biochar
superior to the lignocellulose-derived biochar [245].

9. Challenges and future prospective of the
algal-bacterial system for wastewater
treatment

Even though algae-bacterial systems have several
advantages like nutrient recovery, reduction in
aeration, and operational cost, they are yet to be
used as main stream wastewater treatment sys-
tems. For algae-bacterial wastewater treatment sys-
tems to be competitive with conventional
biological treatment systems following factors
need to be optimized: light intensity, nutrients
supply (CNP), pH, temperature, mixing condi-
tions, algal-bacterial strains, and operational con-
ditions such as HRT and SRT. The major
limitation for algal-bacterial systems is providing
sufficient light intensity for the photosynthetic
process. It was reported that the light shading
effect has a major effect on the biomass productiv-
ity in  photobioreactors having biomass



concentration more than 1 g/L [246]. Most of the
algal-bacterial systems have an HRT of 2-10 days
[247]. This needs to be reduced to 0.2-0.4 days to
be competitive with the conventional activated
sludge process. According to a recent study, by
controlling the light intensity and aeration, suita-
ble conditions for algal-bacterial growth and nutri-
ent removal could be established [146]. In the
same study, it was stated that by providing suffi-
cient light illumination, photosynthetic oxygen
production by microalgae could replace the
mechanical aeration which is required to support
respiration of the heterotrophic microbial consor-
tia in the system. Most of the real-scale activated
sludge systems are set up in outdoor environ-
ments. Even though they are exposed to sunlight,
the indigenous microalga was not able to survive
and grow due to higher biomass concentration
which prevents the penetration of light. For con-
verting existing treatment systems into algal-
bacterial systems, it is required to provide the
sufficient submerged light illumination for stimu-
lating algal growth. In a very recent study, Katam
and Bhattacharyya [248] have shown that nutrient
removal can be enhanced significantly by introdu-
cing submersible light illumination and algal bio-
films into the existing conventional activated
sludge process. The algal strains that can grow
under low light conditions and survive in extreme
environments should be selected as algal inocu-
lum. For example, diatom species can grow faster
in low-light conditions [249] and survive under
harsh environmental conditions [250].
Wastewater treatment coupling with the con-
cept of algal biorefinery allows for more efficient
utilization of the algal biomass grown on waste-
water by reducing the waste component associated
with a wastewater treatment system, which will
help to ensure long-term economic viability.
Extensive research on the downstream processing
for the extraction of bioproducts/biofuel from bio-
mass is needed to reduce the overall production
cost. Research on coupling microalgae with bioe-
lectrochemical systems (BES) has significantly
increased in the past few years [251,252]. BES
systems generate bioelectricity while remediating
the wastewater or waste biomass. BES is a widely
studied wastewater treatment technology for car-
bon and nutrient removal. Coupling microalgae
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with BES can set of the drawbacks associated
with it while simultaneously enhancing the bioe-
lectricity production. For instance, introducing the
algal species, Chlorella Vulgaris in the cathode side
of a sediment microbial fuel cell improved the
power generation 1.3 times compared with bare
cathode alone. This increase in power generation
was attributed to the in situ oxygen produced by
the microalgae [253].

To obtain economically viable microalgal-
derived biofuels and bioproducts, major advance-
ments in microalgal biology and strain generation,
as well as downstream processing, are necessary.
Conventional algal research based on mass culture
techniques is time-consuming and highly labor-
intensive. The microfluidics approach for micro-
algal production and algal biofuel research has
gained much attention in recent times [254]. The
microfluidic approach uses microfabricated
devices and lab-on-chip systems to assess the cul-
ture conditions. It has several features to advance
the microalgal bioproduct/biofuel research com-
pared to conventional methods. These microsys-
tems help effectively monitor, control, and
manipulate the cell culture at a nanoscale.
Microfluidic bioreactors can be used to identify
the suitable microalgal species, co-cultures, and
environmental conditions suitable for the genera-
tion of particular biomass-based products that are
commercially viable [255].

Although several studies have been performed
on the use of microalgae-bacterial systems for was-
tewater treatment, there is a need for further
research in optimizing parameters for large-scale
units. The main challenge in using algal bacterial
systems for real scale systems is the stability of the
consortia. The stability of the algal-bacterial con-
sortia relies on the communication pattern between
the individual species (exchange of metabolites and
molecular signals) and the division of labor. Most
of the studies regarding the nutrient removal by
microalgae-bacterial consortia are limited to
laboratory scale studies which may not be repre-
senting the real conditions. The competition
between the algae and bacteria for nutrients
makes their relationship more complex. Very lim-
ited studies are available on the association of algal
species and bacteria in wastewater treatment.
Further investigation is needed to understand the
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growth conditions such as light intensity and dura-
tion of light/dark cycles, availability of nutrients,
and the interaction of diversified consortia present
in algal-bacterial systems [35]. The dynamics of
algal-bacterial systems are largely unexplored, mak-
ing them difficult to manage. So there is a need for
the development of robust models which can simu-
late the bioprocesses in algal-bacterial systems
accurately. Coupling the computational fluid
dynamics and biokinetic parameters of the algal-
bacterial systems could be used to model the system
and implement it in real scale systems. Most of the
algal-bacterial systems studied are laboratory scale
and were operated for a relatively very short period
of time. Therefore, long term studies are required
to assess the stability of these systems. The data
from the modeling studies can be coupled with
smart automation systems. For instance, Casagli
et al. [212] have used the data from modeling
studies to control the paddle-wheel velocity in an
open raceway pond. The key drivers for wastewater
treatment using algal-bacterial systems are redu-
cing greenhouse gases emission, improving energy,
and nutrient recovery. However, a detailed techno-
economic feasibility analysis of these systems is
needed to understand the economic feasibility,
energy balance, and productivity of the algal-
bacterial biomass as a feedstock for biofuel synth-
esis in order to convince the end-users to adopt
these technologies [21]. The algal-bacterial biomass
grown on domestic wastewater can be used for
resource recovery via biodiesel synthesis, methane
generation, or conversion to biohydrogen for redu-
cing the cost of the treatment and ultimately lead-
ing to a circular bio-economy. Finally, a clear
understanding of the links among the culture con-
ditions, biochemical composition, operational
parameters, harvesting, and biomass conversion to
fuel is necessary for developing a sustainable waste-
water treatment system using algal-bacterial
consortia.

10. Conclusion

Algal-bacterial systems have a huge potential for
wastewater treatment in sustainable way. The fac-
tors which affect the algal-bacterial systems are
pH, light intensity, light/dark cycle duration, tem-
perature, nutrients, and mixing conditions. Algal-

bacterial systems are likely to be more efficient in
removing the nutrients and micropollutants than
the conventional treatment systems. The increase
in the removal rates can be attributed to the pos-
sible symbiotic interactions in the algal-bacterial
consortium and additional photodegradation due
to light. Several models have been developed.
However, most of the modeling studies are limited
to laboratory studies and employ limited processes
related to algae. More emphasis is needed in the
understanding of complex algal-bacterial interac-
tions to include in the modeling, and the hydro-
dynamic aspects of the systems need to be
considered. More research is needed to integrate
the data from the modeling studies with smart
automated control technologies to make reactor
operation easier. To implement algal-bacterial sys-
tems at field-scale, more emphasis should be given
on i) selection of capable algal-bacterial strains, ii)
optimization of light illumination as it is the main
limiting factor for photosynthesis, iii) modeling
the systems in the long run and optimizing the
design and operational parameters iv) life cycle
analysis and techno-economic feasibility to assess
the reliability of these treatment systems. Biomass
conversion into bioproducts such as biodiesel,
bioelectricity, biohydrogen, and bioethanol require
more research. Advanced studies on ecological
engineering are needed to understand the algal-
bacterial symbiosis, which helps in advancing the
algal biorefineries for the production of valuable
biofuels and chemicals.

Disclosure statement

No potential conflict of interest was reported by the
author(s).

Funding

This work was supported by the Science and Engineering
Research Board of India under IMPRINT 2 Program.

References

[1] Gongalves AL, Pires JCM, Simdes M. A review on the
use of microalgal consortia for wastewater treatment.
Algal Res. 2017;24:403-415.

[2] WPP, World population prospects 2019, 2019. http://
www.ncbi.nlm.nih.gov/pubmed/12283219


http://www.ncbi.nlm.nih.gov/pubmed/12283219
http://www.ncbi.nlm.nih.gov/pubmed/12283219

[3] WWAP, The United Nations World Water
Development  Report 2017. Wastewater: The
Untapped Resource., 2017.

[4] Matamoros V, Gutiérrez R, Ferrer I, et al. Capability of
microalgae-based wastewater treatment systems to
remove emerging organic contaminants: a pilot-scale
study. ] Hazard Mater. 2015;288:34-42.

[5] Xiong JQ, Kurade MB, Jeon BH. Can microalgae
remove pharmaceutical contaminants from water?
Trends Biotechnol. 2018;36:30-44.

[6] Suchetana B, Rajagopalan B, Silverstein JA. Assessment
of wastewater treatment facility compliance with
decreasing ammonia  discharge limits  using
a regression tree model. Sci Total Environ.
2017;598:249-257.

[7] Peng Q, Song J, Li X, et al. Biogeochemical character-
istics and ecological risk assessment of pharmaceuti-
cally active compounds (PhACs) in the surface
seawaters of Jiaozhou Bay, North China. Environ
Pollut. 2019;255:113247.

[8] Peng Q, Song J, Li X, et al. Pharmaceutically active
compounds (PhACs) in surface sediments of the
Jiaozhou Bay, north China. Environ Pollut.
2020;266:115245.

[9] Santos AV, Couto CF, Lebron YAR, et al. Occurrence
and risk assessment of pharmaceutically active com-
pounds in water supply systems in Brazil. Sci Total
Environ. 2020;746:141011.

[10] Rasheed T, Bilal M, Hassan AA, et al. Environmental
threatening concern and efficient removal of pharma-
ceutically active compounds using metal-organic fra-
meworks as adsorbents. Environ Res. 2020;185:109436.

[11] Zheng M, Daniels KD, Park M, et al. Attenuation of
pharmaceutically active compounds in aqueous solu-
tion by UV/CaO2 process: influencing factors, degra-
dation mechanism and pathways. Water Res.
2019;164:114922.

[12] Khan HK, Rehman MYA, Malik RN. Fate and toxicity
of pharmaceuticals in water environment: an insight on
their occurrence in South Asia. ] Environ Manage.
2020;271:111030.

[13] Majumder A, Gupta B, Gupta AK. Pharmaceutically
active compounds in aqueous environment: a status,
toxicity and insights of remediation. Environ Res.
2019;176:108542.

[14] Sonone SS, Jadhav SV, Sankhla MS, et al. Water con-
tamination by heavy metals and their toxic effect on
aquaculture and human health through food chain.
Lett Appl Nano Bio Sci. 2020;10:2148-2166.

[15] Kumar A, Cabral-Pinto M, Kumar A, et al. Estimation
of risk to the eco-environment and human health of
using heavy metals in the Uttarakhand Himalaya,
India. Appl Sci. 2020;10:1-18.

[16] Adesiyan IM, Bisi-Johnson M, Aladesanmi OT, et al.
Concentrations and human health risk of heavy metals
in rivers in Southwest Nigeria. ] Heal Pollut. 2018;8.
DOI:10.5696/2156-9614-8.19.180907.

BIOENGINEERED (&) 10443

[17] Chai WS, Cheun JY, Kumar PS, et al. A review on
conventional and novel materials towards heavy metal
adsorption in wastewater treatment application.
] Clean Prod. 2021;296:126589.

[18] Ustaoglu F, Aydin H. Health risk assessment of dis-
solved heavy metals in surface water in a subtropical
rivers basin system of Giresun (North-eastern Turkey).
Desalin Water Treat. 2020;194:222-234.

[19] Jaiswal A, Verma A, Jaiswal P. Detrimental effects of
heavy metals in soil, plants, and aquatic ecosystems
and in humans. ] Environ Pathol Toxicol Oncol.
2018;37:183-197.

[20] Gujre N, Mitra S, Soni A, et al. Speciation, contamina-
tion, ecological and human health risks assessment of
heavy metals in soils dumped with municipal solid
wastes. Chemosphere. 2021;262:128013.

[21] Acién FG, Gomez-Serrano C, Morales-Amaral MM,
et al. Wastewater treatment using microalgae: how
realistic a contribution might it be to significant
urban  wastewater treatment? Appl Microbiol
Biotechnol. 2016;100:9013-9022.

[22] Renuka N, Sood A, Prasanna R, et al
Phycoremediation of wastewaters: a synergistic
approach using microalgae for bioremediation and bio-
mass generation. Int J Environ Sci Technol
2015;12:1443-1460.

[23] Cai T, Park SY, Li Y. Nutrient recovery from waste-
water streams by microalgae: status and prospects.
Renew Sustain Energy Rev. 2013;19:360-369.

[24] van Puijenbroek PJTM, Beusen AHW, Bouwman AF.
Global nitrogen and phosphorus in urban waste water
based on the shared socio-economic pathways.
] Environ Manage. 2019;231:446-456.

[25] Yang ], Shi W, Fang F, et al. Critical reviews in biotech-
nology exploring the feasibility of sewage treatment by
algal - bacterial consortia. Crit Rev Biotechnol.
2020;1-11. DOI:10.1080/07388551.2019.1709796.

[26] Qiao S, Hou C, Wang X, et al. Minimizing greenhouse
gas emission from wastewater treatment process by
integrating activated sludge and microalgae processes.
Sci Total Environ. 2020;732:139032.

[27] U.S. EPA, Global anthropogenic non-co2 greenhouse
gas emissions: 2015-2050, (2019) 84.

[28] Zhang B, Li W, Guo Y, et al. Microalgal-bacterial
consortia: from interspecies interactions to biotechno-
logical applications. Renew Sustain Energy Rev.
2020;118:109563.

[29] Jiang L, Li Y, Pei H. Algal-bacterial consortia for
bioproduct generation and wastewater treatment.
Renew Sustain Energy Rev. 2021;149:111395.

[30] Saravanan A, Kumar PS, Varjani S, et al. A review on
algal-bacterial symbiotic system for effective treatment
of wastewater. Chemosphere. 2021;271:129540.

[31] Fallahi A, Rezvani F, Asgharnejad H, et al. Interactions
of microalgae-bacteria consortia for nutrient removal

Chemosphere.

from wastewater: a review.

2021;272:129878.


https://doi.org/10.5696/2156-9614-8.19.180907
https://doi.org/10.1080/07388551.2019.1709796

10444 R. K. ORUGANTI ET AL.

[32] Zhang C, Ho SH, Li A, et al. Co-culture of chlorella
and scenedesmus could enhance total lipid production
under bacteria quorum sensing molecule stress.
] Water Process Eng. 2021;39:101739.

[33] Raheem A, Wan Azlina WAKG, Taufiq Yap YH, et al.
Thermochemical conversion of microalgal biomass for
biofuel production. Renew Sustain Energy Rev.
2015;49:990-999.

[34] Zhu L, Wang Z, Shu Q, et al. Nutrient removal and
biodiesel production by integration of freshwater algae
cultivation with piggery wastewater treatment. Water
Res. 2013;47:4294-4302.

[35] Li K, Liu Q, Fang F, et al. Microalgae-based wastewater
treatment for nutrients recovery: a review. Bioresour
Technol. 2019;291:121934.

[36] Christenson L, Sims R. Production and harvesting of
microalgae for wastewater treatment, biofuels, and
bioproducts. Biotechnol Adv. 2011;29:686-702.

[37] Sun L, Zuo W, Tian Y, et al. Performance and micro-
bial community analysis of an algal-activated sludge
symbiotic effect of activated sludge
concentration. J Environ Sci. (China).
2019;76:121-132. DOI:10.1016/j.jes.2018.04.010.

[38] Ji X, Jiang M, Zhang ], et al. The interactions of
algae-bacteria symbiotic system and its effects on nutri-
ents removal from synthetic wastewater. Bioresour
Technol. 2018;247:44-50.

[39] Menger-Krug E, Niederste-Hollenberg T,
Hillenbrand T, et al. Integration of microalgae systems
at municipal wastewater treatment plants: implications
for energy and emission balances. Environ Sci Technol.
2012;46:11505-11514.

[40] Ngo HH, Vo HNP, Guo W et al Advances of
Photobioreactors ~ in  Wastewater =~ Treatment:
Engineering Aspects, Applications and Future
Perspectives Bui, XT., Chiemchaisri, C., Fujioka, T.,
Varjani, S. Water and Wastewater Treatment
Technologies. Energy, Environment, and
Sustainability (Singapore: Springer) , et al. . 2019 doi:
https://doi.org/10.1007/978-981-13-3259-3_14

[41] Park JBK, Craggs R]J, Shilton AN. Recycling algae to
improve species control and harvest efficiency from
a high rate algal pond. Water Res. 2011;45:6637-6649.

[42] Rawat I, Ranjith Kumar R, Mutanda T, et al. Dual role
of microalgae: phycoremediation of domestic waste-
water and biomass production for sustainable biofuels
production. Appl Energy. 2011;88:3411-3424.

[43] Whitton R, Ometto F, Pidou M, et al. Microalgae for
municipal wastewater nutrient remediation: mechan-
isms, reactors and outlook for tertiary treatment.
Environ Technol Rev. 2015;4:133-148.

[44] Valigore JM, Gostomski PA, Wareham DG, et al.
Effects of hydraulic and solids retention times on pro-
ductivity and settleability of  microbial
(microalgal-bacterial) biomass grown on primary trea-
ted wastewater as a biofuel feedstock. Water Res.
2012;46:2957-2964.

system:

[45] Al Ketife AMD, Almomani F, EL-Naas M, et al
A technoeconomic assessment of microalgal culture
technology implementation for combined wastewater
treatment and CO2 mitigation in the Arabian Gulf.
Process Saf Environ Prot. 2019;127:90-102.

[46] Ramanan R, Kim BH, Cho DH, et al. Algae-bacteria
interactions:  evolution, ecology and emerging
applications. Biotechnol Adv. 2016;34:14-29.

[47] Abinandan S, Shanthakumar S. Challenges and oppor-
tunities in application of microalgae (chlorophyta) for
wastewater treatment: a review. Renew Sustain Energy
Rev. 2015;52:123-132.

[48] Abdel-Raouf N, Al-Homaidan AA, Ibraheem IBM.
Microalgae and wastewater treatment. Saudi ] Biol
Sci. 2012;19:257-275.

[49] Su Y, Mennerich A, Urban B. Synergistic cooperation
between wastewater-born algae and activated sludge
for wastewater treatment: influence of algae and sludge
inoculation ratios. Bioresour Technol. 2012;105:67-73.

[50] Hom-Diaz A, Jaén-Gil A, Bello-Laserna I, et al
Performance of a microalgal photobioreactor treating
toilet wastewater: pharmaceutically active compound
removal and biomass harvesting. Sci Total Environ.
2017;592:1-11.

[51] Villar-Navarro E, Baena-Nogueras RM, Paniw M, et al.
Removal of pharmaceuticals in urban wastewater: high
rate algae pond (HRAP) based technologies as an alter-
native to activated sludge based processes. Water Res.
2018;139:19-29.

[52] Alcantara C, Posadas E, Guieysse B, et al. Microalgae-
based wastewater treatment. Handb Mar Microalgae
Biotechnol Adv. 2015;439-455. DOI:10.1016/B978-
0-12-800776-1.00029-7.

[53] Wang M, Yang H, Ergas SJ, et al. A novel shortcut
nitrogen removal process using an algal-bacterial con-
sortium in a photo-sequencing batch reactor (PSBR).
Water Res. 2015;87:38-48.

[54] Tang CC, Zuo W, Tian Y, et al. Effect of aeration rate
on performance and stability of algal-bacterial sym-
biosis system to treat domestic wastewater in sequen-
cing  batch  reactors.  Bioresour  Technol
2016;222:156-164.

[55] Chai WS, Tan WG, Halimatul Munawaroh HS, et al.
Multifaceted roles of microalgae in the application of
wastewater biotreatment: a review. Environ Pollut.
2021;269:116236.

[56] Su Y, Mennerich A, Urban B. Municipal wastewater
treatment and biomass accumulation with a
wastewater-born and settleable algal-bacterial culture.
Water Res. 2011;45:3351-3358.

[57] Dahmani S, Zerrouki D, Ramanna L, et al. Cultivation
of chlorella pyrenoidosa in outdoor open raceway pond
using domestic wastewater as medium in arid desert
region. Bioresour Technol. 2016;219:749-752.

[58] Garcia D, Posadas E, Blanco S, et al. Evaluation of the
dynamics of microalgae population structure and pro-
cess performance during piggery wastewater treatment


https://doi.org/10.1016/j.jes.2018.04.010
https://doi.org/10.1007/978-981-13-3259-3_14
https://doi.org/10.1016/B978-0-12-800776-1.00029-7
https://doi.org/10.1016/B978-0-12-800776-1.00029-7

in algal-bacterial photobioreactors. Bioresour Technol.
2018;248:120-126.

[59] Amini E, Babaei A, Mehrnia MR, et al. Municipal
wastewater treatment by semi-continuous and mem-
brane algal-bacterial photo-bioreactors. ] Water
Process Eng. 2020;36:101274.

[60] Leong WH, Azella Zaine SN, Ho YC, et al. Impact of
various microalgal-bacterial populations on municipal
wastewater bioremediation and its energy feasibility for
lipid-based biofuel production. J Environ Manage.
2019;249:109384.

[61] Ramanan R, Kim B, Cho D, et al. Algae - bacteria
interactions : evolution, ecology and emerging applica-
tions. Biotechnol Adv. 2016;34:14-29.

[62] Kazamia E, Czesnick H, Van Nguyen TT, et al
Mutualistic interactions between vitamin
B12-dependent algae and heterotrophic bacteria exhibit
regulation. Environ Microbiol. 2012;14:1466-1476.

[63] Cooper MB, Kazamia E, Helliwell KE, et al. Cross-
exchange of B-vitamins underpins a mutualistic inter-
action between ostreococcus tauri and dinoroseobacter
shibae. ISME J. 2019;13:334-345.

[64] Helliwell KE, Pandhal ], Cooper MB, et al
Quantitative proteomics of a Bl2-dependent alga
grown in coculture with bacteria reveals metabolic
tradeoffs required for mutualism. New Phytol
2018;217:599-612.

[65] Kim BH, Ramanan R, Cho DH, et al. Role of rhizo-
bium, a plant growth promoting bacterium, in enhan-
cing algal biomass through mutualistic interaction.
Biomass Bioenergy. 2014;69:95-105.

[66] Liu L, Fan H, Liu Y, et al. Development of
algae-bacteria granular consortia in photo-sequencing
batch reactor. Bioresour Technol. 2017;232:64-71.

[67] Zhao Z, Yang X, Cai W, et al. Response of algal-bacterial
granular system to low carbon wastewater: focus on
granular stability, nutrients removal and accumulation.
Bioresour Technol. 2018;268:221-229.

[68] Jimoh TA, Keshinro MO, Cowan KA. Microalgal-bac-
terial flocs and extracellular polymeric substances: two
essential and valuable products of integrated algal pond
systems. Water Air Soil Pollut. 2019;230. DOI:10.1007/
s11270-019-4148-3.

[69] Amin SA, Green DH, Hart MC, et al. Photolysis of
iron-siderophore chelates promotes bacterial-algal
mutualism. Proc Natl Acad Sci. U. S. A
2009;106:17071-17076. DOI:10.1073/pnas.0905512106.

[70] Villa JA, Ray EE, Barney BM. Azotobacter vinelandii
siderophore can provide nitrogen to support the cul-
ture of the green algae neochloris oleoabundans and
scenedesmus sp. BA032. FEMS Microbiol Lett.
2014;351:70-77.

[71] I1 Oh J, Kim MJ, Lee JY, et al. Isolation and character-
ization of algicidal bacteria from cochlodinium poly-
krikoides  culture. Biotechnol Bioprocess Eng.
2011;16:1124-1133.

BIOENGINEERED (&) 10445

[72] Fuentes JL, Garbayo I, Cuaresma M, et al. Impact of
microalgae-bacteria interactions on the production of
algal biomass and associated compounds. Mar Drugs.
2016;14:100.

[73] Zhang Y, Su H, Zhong Y, et al. The effect of bacterial
contamination on the heterotrophic cultivation of
chlorella pyrenoidosa in wastewater from the produc-
tion of  soybean  products. = Water  Res.
2012;46:5509-5516.

[74] Leung TLF, Poulin R. Parasitism, commensalism,
mutualism, exploring the many shades of symbioses.
LifeEnviron.pdf. 2008;58:107-115.

[75] Cabrerizo MJ, Medina-Sanchez JM, Dorado-Garcid I,
et al. Rising nutrient-pulse frequency and high UVR
strengthen microbial interactions. Sci Rep. 2017;7:1-11.

[76] Gonzalez-Olalla JM, Medina-Sanchez JM, Lozano IL,
et al. Climate-driven shifts in algal-bacterial interaction
of high-mountain lakes in two years spanning a
decade. Sci Rep. 2018;8:1-12.

[77] Das S, Das S, Ghangrekar MM. Bacterial signalling
mechanism: an innovative microbial intervention with
multifaceted applications in microbial electrochemical
technologies:  a Bioresour  Technol.
2022;344:126218.

[78] Amin SA, Parker MS, Armbrust EV. Interactions
between diatoms and bacteria. Microbiol Mol Biol
Rev. 2012;76:667-684.

[79] Zhang Y, Zheng L, Wang S, et al. Quorum sensing
bacteria in the phycosphere of hab microalgae and
their ecological functions related to cross-kingdom
interactions. Int J Environ Res Public Health. 2022;19.
DOI:10.3390/ijerph19010163.

[80] Zhou D, Zhang C, Fu L, et al. Responses of the micro-
alga chlorophyta sp. to bacterial quorum sensing mole-
cules (n-acylhomoserine lactones): aromatic
protein-induced  self-aggregation.  Environ  Sci
Technol. 2017;51:3490-3498.

[81] Zhang B, Guo Y, Lens PNL, et al. Effect of light
intensity on the characteristics of algal-bacterial gran-
ular sludge and the role of N-acyl-homoserine lactone
in  the  granulation. Sci  Total  Environ.
2019;659:372-383.

[82] Amin SA, Hmelo LR, Van Tol HM, et al. Interaction
and signalling between a cosmopolitan phytoplankton
and associated bacteria. Nature. 2015;522:98-101.

[83] Fei C, Ochsenkithn MA, Shibl AA, et al. Quorum sensing
regulates © swim-or-stick ” lifestyle in the phycosphere.
BioRxiv. 2020. DOI:10.1101/2020.07.26.221937.

[84] Das S, Das S, Ghangrekar MM. Quorum-sensing
mediated signals: a promising multi-functional modu-
lators for separately enhancing algal yield and power
generation in microbial fuel cell. Bioresour Technol.
2019;294:122138.

[85] Zhang C, Li Q, Fu L, et al. Quorum sensing molecules
in activated sludge could trigger microalgae lipid
synthesis. Bioresour Technol. 2018;263:576-582.

review.


https://doi.org/10.1007/s11270-019-4148-3
https://doi.org/10.1007/s11270-019-4148-3
https://doi.org/10.1073/pnas.0905512106
https://doi.org/10.3390/ijerph19010163
https://doi.org/10.1101/2020.07.26.221937

10446 R. K. ORUGANTI ET AL.

[86] You X, Xu N, Yang X, et al. Pollutants affect
algae-bacteria interactions: a critical review. Environ
Pollut. 2021;276:116723.

[87] Dao GH, Wu GX, Wang XX, et al. Enhanced microalgae
growth through stimulated secretion of indole acetic acid
by symbiotic bacteria. Algal Res. 2018;33:345-351.

[88] Peng H, De-bashan LE, Bashan Y, et al. Indole-3-acetic
acid from azosprillum brasilense promotes growth in
green algae at the expense of energy storage products.
Algal Res. 2020;47:101845.

[89] Zhang B, Chen ], Su 'Y, et al. Utilization of indole-3-acetic
acid-secreting bacteria in algal environment to increase
biomass accumulation of ochromonas and chlorella.
Bioenergy Res. 2021. DOI:10.1007/s12155-021-10246-8.

[90] Liu Q, Wang J, Ren H. Bacterial assembly and succes-
sion in the start-up phase of an IFAS metacommunity:
the role of AHL-driven quorum sensing. Sci Total
Environ. 2021;777:145870.

[91] Giines G, Taskan E. Quorum quenching strategy for
biofouling control in membrane photobioreactor.
Chemosphere. 2022;288:132667.

[92] Schonknecht G, Chen WH, Ternes CM, et al. Gene
transfer from bacteria and archaea facilitated evolution
of an extremophilic eukaryote. Science. (80-.).
2013;339:1207-1210. DOI:10.1126/science.1231707.

[93] Marchetti A, Parker MS, Moccia LP, et al. Ferritin is
used for iron storage in bloom-forming marine pen-
nate diatoms. Nature. 2009;457:467-470.

[94] Keeling PJ. Functional and ecological impacts of hor-
izontal gene transfer in eukaryotes. Curr Opin Genet
Dev. 2009;19:613-619.

[95] Gutiérrez R, Ferrer I, Gonzilez-Molina A, et al.
Microalgae recycling improves biomass recovery from
wastewater treatment high rate algal ponds. Water Res.
2016;106:539-549.

[96] Arashiro LT, Montero N, Ferrer I, et al. Life cycle
assessment of high rate algal ponds for wastewater
treatment and resource recovery. Sci Total Environ.
2018;622-623:1118-1130.

[97] Garfi M, Flores L, Ferrer 1. Life cycle assessment of
wastewater treatment systems for small communities:
activated sludge, constructed wetlands and high rate
algal ponds. J Clean Prod. 2017;161:211-219.

[98] Alemu K, Assefa B, Kifle D, et al. Nitrogen and phos-
phorous removal from municipal wastewater using
high rate algae ponds. Ina Lett. 2018;3:21-32.

[99] Young P, Taylor M, Fallowfield HJ. Mini-review: high
rate algal ponds, flexible systems for sustainable waste-
water treatment. World ] Microbiol Biotechnol. 2017;33.

[100] Oswald W, Gotaas H, Golueke W, et al. Algae in waste
water treatment. Sew Ind Waters. 1957;29:437-457.

[101] Oswald W], Golueke CG. Biological transformation of
solar energy. Adv Appl Microbiol. 1960;28:145-152.

[102] Shilton AN, Mara DD, Craggs R, et al. Solar-powered
aeration and disinfection, anaerobic co-digestion, biolo-
gical CO2 scrubbing and biofuel production: the energy

and carbon management opportunities of waste stabili-
sation ponds. Water Sci Technol. 2008;58:253-258.

[103] Craggs R], Heubeck S, Lundquist TJ, et al. Algal bio-
fuels from wastewater treatment high rate algal ponds.
Water Sci Technol. 2011;63:660-665.

[104] Passos F, Gutiérrez R, Uggetti E, et al. Towards energy
neutral microalgae-based wastewater treatment plants.
Algal Res. 2017;28:235-243.

[105] Arbib Z, de Godos I, Ruiz J, et al. Optimization of pilot
high rate algal ponds for simultaneous nutrient
removal and lipids production. Sci Total Environ.
2017;589:66-72.

[106] Sutherland DL, Turnbull MH, Craggs R]. Increased
pond depth improves algal productivity and nutrient
removal in wastewater treatment high rate algal ponds.
Water Res. 2014;53:271-281.

[107] Sutherland DL, Park J, Ralph PJ, et al. Improved
microalgal productivity and nutrient removal through
operating wastewater high rate algal ponds in series.
Algal Res. 2020;47:101850.

[108] Sutherland DL, Park J, Heubeck S, et al. Size matters —
microalgae production and nutrient removal in waste-
water treatment high rate algal ponds of three different
sizes. Algal Res. 2020;45:101734.

[109] Grobbelaar JU. Microalgal biomass production: chal-
lenges and realities. Photosynth Res. 2010;106:135-144.

[110] Park JBK, Craggs RJ, Shilton AN. Wastewater treat-
ment high rate algal ponds for biofuel production.
Bioresour Technol. 2011;102:35-42.

[111] Huang Q, Jiang F, Wang L, et al. Design of photobior-
eactors for mass cultivation of photosynthetic
organisms. Engineering. 2017;3:318-329.

[112] Sun Y, Huang Y, Liao Q, et al. Enhancement of micro-
algae production by embedding hollow light guides to

a flat-plate photobioreactor. Bioresour Technol.
2016;207:31-38.
[113] Sierra E, Acién FG, Ferniandez JM, et al

Characterization of a flat plate photobioreactor for
the production of microalgae. Chem Eng J.
2008;138:136-147.

[114] Yang IS, Salama ES, Kim JO, et al. Cultivation and
harvesting of microalgae in photobioreactor for biodie-
sel production and simultaneous nutrient removal.
Energy Convers Manag. 2016;117:54-62.

[115] Wang B, Lan CQ, Horsman M. Closed photobioreac-
tors for production of microalgal biomasses.
Biotechnol Adv. 2012;30:904-912.

[116] Alabi A, Tampier M, Bibeau E. Growth and character-
ization of microalgal biomass produced in bubble col-
umn and airlift photobioreactors. Seed Sci Ltd.
2009;31:1015-1023.

[117] Krichnavaruk S, Powtongsook S, Pavasant P. Enhanced
productivity of chaetoceros calcitrans in  airlift
photobioreactors. Bioresour Technol. 2007;98:2123-2130.

[118] Chiu SY, Tsai MT, Kao CY, et al. The air-lift photo-
bioreactors with flow patterning for high-density


https://doi.org/10.1007/s12155-021-10246-8
https://doi.org/10.1126/science.1231707

cultures of microalgae and carbon dioxide removal.
Eng Life Sci. 2009;9:254-260.

[119] Yang Z, Cheng J, Yang W, et al. Developing a
water-circulating column photobioreactor for microal-
gal growth with low energy consumption. Bioresour
Technol. 2016;221:492-497.

[120] Adey WH. The microcosm: a new tool for reef
research. Coral Reefs. 1983;1:193-201.

[121] Craggs RJ. Wastewater treatment by algal turf
scrubbing. Water Sci Technol. 2001;44:427-433.

[122] Park JBK, Craggs RJ, Tanner CC. Eco-friendly and
low-cost enhanced pond and wetland (EPW) system
for the treatment of secondary wastewater effluent.
Ecol Eng. 2018;120:170-179.

[123] Siville B, Boeing WJ. Optimization of algal turf scrub-
ber (ATS) technology through targeted harvest rate.
Bioresour Technol Reports. 2020;9:100360.

[124] Celente G, Colares GS, Machado EL, et al. Algae turf
scrubber and vertical constructed wetlands combined
system for decentralized secondary wastewater
treatment. Environ Sci Pollut Res. 2019;26:9931-9937.

[125] Gou Y, Yang J, Fang F, et al. Feasibility of using a novel
algal-bacterial biofilm reactor for efficient domestic
wastewater treatment. Environ Technol. (United
Kingdom). 2020;41:400-410. DOI:10.1080/
09593330.2018.1499812.

[126] Katam K, Shimizu T, Soda S, et al. Performance eva-
luation of two trickling filters removing LAS and caf-
feine from wastewater: light reactor (algal-bacterial
consortium) vs dark reactor (bacterial consortium).
Sci Total Environ. 2020;707:135987.

[127] Tang CC, Tian Y, Liang H, et al. Enhanced nitrogen
and phosphorus removal from domestic wastewater via
algae-assisted sequencing batch biofilm
Bioresour Technol. 2018;250:185-190.

[128] Choudhary P, Prajapati SK, Kumar P, et al
Development and performance evaluation of an algal
biofilm reactor for treatment of multiple wastewaters
and characterization of biomass for diverse
applications. Bioresour Technol. 2017;224:276-284.

[129] Zhang H, Gong W, Zeng WC, et al. Bacterial-algae
biofilm enhance MABR adapting a wider COD/N
ratios wastewater: performance and mechanism. Sci
Total Environ. 2021;781:146663.

[130] Demuez M, Gonzilez-Ferndndez C, Ballesteros M.
Algicidal microorganisms and secreted algicides: new
tools to induce microalgal cell disruption. Biotechnol
Adv. 2015;33:1615-1625.

[131] Quijano G, Arcila JS, Buitron G. Microalgal-bacterial
aggregates: applications and perspectives for waste-
water treatment. Biotechnol Adv. 2017;35:772-781.

[132] Richmond A, Handbook of Microalgal Culture:
Biotechnology and Applied Phycology, 2004.

[133] Yen H, Hu I, Chen C, et al,, Chapter 10 - Design of
photobioreactors for algal cultivation, Second Edi,
Elsevier B.V., 2019. 10.1016/B978-0-444-64192-2.00010-X.

reactor.

BIOENGINEERED (&) 10447

[134] Ras M, Steyer JP, Bernard O. Temperature effect on
microalgae: a crucial factor for outdoor production.
Rev Environ Sci Biotechnol. 2013;12:153-164.

[135] Salvucci ME, Crafts-Brandner S]. Relationship between
the heat tolerance of photosynthesis and the thermal
stability of rubisco activase in plants from contrasting
thermal environments. Plant Physiol. 2004;134:
1460-1470.

[136] Mayo AW. Effects of temperature and pH on the
kinetic growth of unialga Chlorella vulgaris cultures
containing bacteria. Water Environ Res. 1997;69:64-72.

[137] Manhaeghe D, Michels S, Rousseau DPL, et al. A
semi-mechanistic model describing the influence of
light and temperature on the respiration and photo-
synthetic growth of chlorella vulgaris. Bioresour
Technol. 2019;274:361-370.

[138] Sforza E, Ramos-Tercero EA, Gris B, et al. Integration
of chlorella protothecoides production in wastewater
treatment plant: from lab measurements to process
design. Algal Res. 2014;6:223-233.

[139] Gonzalez-Camejo ], Aparicio S, Ruano MV, et al. Effect
of ambient temperature variations on an indigenous
microalgae-nitrifying bacteria culture dominated by
chlorella. Bioresour Technol. 2019;290:121788.

[140] Converti A, Casazza AA, Ortiz EY, et al. Effect of
temperature and nitrogen concentration on the growth
and lipid content of nannochloropsis oculata and
chlorella vulgaris for biodiesel production. Chem Eng
Process Process Intensif. 2009;48:1146-1151.

[141] Wu LF, Chen PC, Lee CM. The effects of nitrogen
sources and temperature on cell growth and lipid accu-
mulation of microalgae. Int Biodeterior Biodegrad.
2013;85:506-510.

[142] Lee CS, Lee SA, Ko SR, et al. Effects of photoperiod on
nutrient removal, biomass production, and
algal-bacterial population dynamics in lab-scale photo-
bioreactors treating municipal wastewater. Water
Research. 2015;68:680-691.

[143] Huesemann M, Crowe B, Waller P, et al. A validated
model to predict microalgae growth in outdoor pond
cultures subjected to fluctuating light intensities and
water temperatures. Algal Res. 2016;13:195-206.

[144] Meng F, Xi L, Liu D, et al. Effects of light intensity on
oxygen distribution, lipid production and biological
community  of  algal-bacterial  granules  in
photo-sequencing batch reactors. Bioresour Technol.
2019;272:473-48]1.

[145] Vergara C, Muiioz R, Campos JL, et al. Influence of
light intensity on bacterial nitrifying activity in
algal-bacterial photobioreactors and its implications
for  microalgae-based = wastewater  treatment.
Int Biodeterior Biodegrad. 2016;114:116-121.

[146] Kang D, Kim K, Jang Y, et al. Enhancement of waste-
water treatment efficiency through modulation of aera-
tion and blue light on wastewater-borne algal-bacterial
consortia. Int Biodeterior Biodegrad. 2018;135:9-18.


https://doi.org/10.1080/09593330.2018.1499812
https://doi.org/10.1080/09593330.2018.1499812
https://doi.org/10.1016/B978-0-444-64192-2.00010-X

10448 R. K. ORUGANTI ET AL.

[147] Anderson LA. On the hydrogen and oxygen content of
marine  phytoplankton. Deep Res Part L
1995;42:1675-1680.

[148] Geider R, La Roche ], Geider R]. European journal of
phycology redfield revisited: variability of C:N:P in
marine microalgae and its biochemical basis redfield
revisited : variability of C: n: p in marine microalgae
and its biochemical basis. Eur J Phycol Eur J Phycol Br
Phycol Soc. 2002;371:1-17.

[149] Larsdotter K. Wastewater treatment with microalgae —
a literature review. Vatten. 2006;62:31-38.

[150] Molazadeh M, Ahmadzadeh H, Pourianfar HR, et al.
The use of microalgae for coupling wastewater treat-
ment with CO2 biofixation. Front Bioeng Biotechnol.
2019;7. DOI:10.3389/fbioe.2019.00042.

[151] Woertz I, Feffer A. Algae grown on dairy and munici-
pal wastewater for biofuel feedstock. The Analyst.
2010;135(5):1115-1122.

[152] Posadas E, Marin D, Blanco S, et al. Simultaneous
biogas upgrading and centrate treatment in an out-
doors pilot scale high rate algal pond. Bioresour
Technol. 2017;232:133-141.

[153] Arbib Z, Ruiz J, Alvarez-Diaz P, et al. Effect of pH
control by means of flue gas addition on three different
photo-bioreactors treating urban wastewater in
long-term operation. Ecol Eng. 2013;57:226-235.

[154] Foladori P, Petrini S, Andreottola G. How suspended
solids concentration affects nitrification rate in
microalgal-bacterial photobioreactors without external
aeration. Heliyon. 2020;6:e03088.

[155] Petrini S, Foladori P, Andreottola G. Laboratory-scale
investigation on the role of microalgae towards
a sustainable treatment of real municipal wastewater.
Water Sci Technol. 2018;78:1726-1732.

[156] Park JBK, Craggs RJ. Algal production in wastewater
treatment high rate algal ponds for potential biofuel
use. Water Sci Technol. 2011;63:2403-2410.

[157] Hende S, Vervaeren H, Saveyn H, et al. Microalgal
bacterial floc properties are improved by a balanced
inorganic/organic carbon ratio. Biotechnol Bioeng.
2011;108:549-558.

[158] Luo Y, Guo W, Ngo HH, et al. A review on the
occurrence of micropollutants in the aquatic environ-
ment and their fate and removal during wastewater
treatment. Sci Total Environ. 2014;473-474:619-641.

[159] Lopez-Serna R, Posadas E, Garcia-Encina PA, et al.
Removal of contaminants of emerging concern from
urban  wastewater in  novel  algal-bacterial
photobioreactors. Sci Total Environ. 2019;662:32-40.

[160] Tolboom SN, Carrillo-Nieves D, de Jesus Rostro-alanis
M, et al. Algal-based removal strategies for hazardous
contaminants from the environment - a review. Sci
Total Environ. 2019;665:358-366.

[161] Parladé E, Hom-Diaz A, Blanquez P, et al. Effect of
cultivation conditions on B-estradiol removal in
laboratory and pilot-plant photobioreactors by an

algal-bacterial consortium treating urban wastewater.
Water Res. 2018;137:86-96.

[162] Agiiera A, Plaza-Bolafios P, Fernandez FGA. Removal
of contaminants of emerging concern by
microalgae-based wastewater treatments and related
analytical techniques. Curr Dev Biotechnol Bioeng.
2020;503-525. DOI:10.1016/b978-0-12-819594-
9.00020-6.

[163] Norvill ZN, Shilton A, Guieysse B. Emerging contami-
nant degradation and removal in algal wastewater
treatment ponds: identifying the research gaps.
] Hazard Mater. 2016;313:291-309.

[164] Prosenc F, Piechocka J, Skufca D, et al. Microalgae-based
removal of contaminants of emerging concern: mechan-
isms in Chlorella vulgaris and mixed algal-bacterial
cultures. ] Hazard Mater. 2021;418:126284.

[165] Bai X, Acharya K. Algae-mediated removal of selected
pharmaceutical and personal care products (PPCPs)
from Lake Mead water. Sci Total Environ. 2017;581-
582:734-740.

[166] de Godos I, Mufoz R, Guieysse B. Tetracycline
removal during wastewater treatment in high-rate
algal ponds. ] Hazard Mater. 2012;229-230:446-449.

[167] Bai X, Acharya K. Removal of seven endocrine disrupt-
ing chemicals (EDCs) from municipal wastewater
effluents by a freshwater green alga. Environ Pollut.
2019;247:534-540.

[168] Wang Y, Liu J, Kang D, et al. Removal of pharmaceu-
ticals and personal care products from wastewater
using algae-based technologies: a review. Rev Environ
Sci Biotechnol. 2017;16:717-735.

[169] Abargues MR, Ferrer J, Bouzas A, et al. Removal and
fate of endocrine disruptors chemicals under lab-scale
postreatment stage. removal assessment using light,
oxygen and microalgae. Bioresour  Technol.
2013;149:142-148.

[170] Lin AYC, Reinhard M. Photodegradation of common
environmental pharmaceuticals and estrogens in river
water. Environ Toxicol Chem. 2005;24:1303-1309.

[171] Liu R, Li S, Tu Y, et al. Capabilities and mechanisms
of microalgae on removing micropollutants from
wastewater:  a Environ = Manage.
2021;285:112149.

[172] Bianco A, Fabbri D, Minella M, et al. New insights into
the environmental photochemistry of 5-chloro-
2-(2,4-dichlorophenoxy)phenol (triclosan):reconsidering
the importance of indirect photoreactions. Water Res.
2015;72:271-280.

[173] Challis JK, Hanson ML, Friesen KJ, et al. A critical
assessment of the photodegradation of pharmaceuticals
in aquatic environments: defining our current under-
standing and identifying knowledge gaps. Environ Sci
Process Impacts. 2014;16:672-696.

[174] Leng L, Wei L, Xiong Q, et al. Use of microalgae based
technology for the removal of antibiotics from waste-
water: a review. Chemosphere. 2020;238:124680.

review. ]


https://doi.org/10.3389/fbioe.2019.00042
https://doi.org/10.1016/b978-0-12-819594-9.00020-6
https://doi.org/10.1016/b978-0-12-819594-9.00020-6

[175] Norvill ZN, Toledo-Cervantes A, Blanco S, et al.
Photodegradation and sorption govern tetracycline
removal during wastewater treatment in algal ponds.
Bioresour Technol. 2017;232:35-43.

[176] Tixier C, Singer HP, Canonica S, et al
Phototransformation of triclosan in surface waters:
a relevant elimination process for this widely used
biocide - laboratory studies, field measurements, and
modeling. Environ Sci Technol. 2002;36:3482-3489.

[177] Guo R, Chen J. Application of alga-activated sludge com-
bined system (AASCS) as a novel treatment to remove
cephalosporins. Chem Eng J. 2015;260:550-556.

[178] Yang X, Zheng X, Wu L, et al. Interactions between
algal (AOM) and natural organic matter (NOM):
impacts on their photodegradation in surface waters.
Environ Pollut. 2018;242:1185-1197.

[179] Silva A, Delerue-Matos C, Figueiredo SA, et al. The use of
algae and fungi for removal of pharmaceuticals by bior-
emediation and biosorption processes: a review. Water.
(Switzerland). 2019;11:1555. DOI:10.3390/w11081555.

[180] Gondi R, Kavitha S, Yukesh Kannah R, et al. Algal-based
system for removal of emerging pollutants from waste-
water: a review. Bioresour Technol. 2022;344:126245.

[181] de Wilt A, Butkovskyi A, Tuantet K, et al
Micropollutant removal in an algal treatment system
fed with source separated wastewater streams. ] Hazard
Mater. 2016;304:84-92.

[182] Peng J, He YY, Zhang ZY, et al. Removal of levoflox-
acin by an oleaginous microalgae chromochloris zofin-
giensis in the heterotrophic mode of cultivation:
removal performance and mechanism. ] Hazard
Mater. 2022;425:128036.

[183] Chan SS, Khoo KS, Chew KW, et al. Recent advances
biodegradation and biosorption of organic compounds
from wastewater: microalgae-bacteria consortium - A
review. Bioresour Technol. 2022;344:126159.

[184] Ismail MM, Essam TM, Ragab YM, et al
Biodegradation of ketoprofen using a microalgal-bac-
terial consortium. Biotechnol Lett. 2016;38:1493-1502.

[185] Matamoros V, Uggetti E, Garcia J, et al. Assessment of the
mechanisms involved in the removal of emerging con-
taminants by microalgae from wastewater: a laboratory
scale study. ] Hazard Mater. 2016;301:197-205.

[186] Li Y, Cao P, Wang S, et al. Research on the treatment
mechanism of anthraquinone dye wastewater by
algal-bacterial symbiotic system. Bioresour Technol.
2022;347:126691.

[187] Dawas-Massalha A, Gur-Reznik S, Lerman S, et al. Co-
metabolic oxidation of pharmaceutical compounds by
a nitrifying bacterial enrichment. Bioresour Technol.
2014;167:336-342.

[188] Luo W, Zhao Y, Ding H, et al. Co-metabolic degrada-
tion of bensulfuron-methyl in laboratory conditions.
] Hazard Mater. 2008;158:208-214.

[189] Peng X, Qu X, Luo W, et al. Co-metabolic degradation
of tetrabromobisphenol A by novel strains of

BIOENGINEERED (&) 10449

pseudomonas sp. and streptococcus sp. Bioresour
Technol. 2014;169:271-276.

[190] Xiong JQ, Kurade MB, Kim JR, et al. Ciprofloxacin
toxicity and its co-metabolic removal by a freshwater
microalga chlamydomonas mexicana. ] Hazard Mater.
2017;323:212-219.

[191] Avila R, Garcia-Vara M, Lopez-Garcia E, et al.
Evaluation of an outdoor pilot-scale tubular photobior-
eactor for removal of selected pesticides from water. Sci
Total Environ. 2022;804:150040.

[192] Solimeno A, Garcia J. Microalgae-bacteria models evolu-
tion: from microalgae steady-state to integrated microal-
gae-bacteria wastewater treatment models — a comparative
review. Sci Total Environ. 2017;607-608:1136-1150.

[193] Van Loosdrecht MCM, Meijer SCF, Hooijmans CM,
et al., Twenty- five years of ASMI: past, present and
future of  wastewater  treatment  modelling
M. C. M. Van Loosdrecht, C. M. Lopez-Vazquez,
S. C. E. Meijer, C. M. Hooijmans and D. Brdjanovic,
(2015) 697-718. DOI:10.2166/hydro.2015.006.

[194] Gernaey KV, Van Loosdrecht MCM, Henze M, et al.
Activated sludge wastewater treatment plant modelling
and simulation: state of the art. Environmental
Modelling & Software 2004;19:763-783.
DOI:10.1016/j.envsoft.2003.03.005.

[195] Henze M, Gujer W, Mino T, et al. Activated sludge
models ASM1, ASM2, ASM2d and ASM3. London UK:
IWA Publ; 2000.

[196] Iacopozzi I, Innocenti V, Marsili-libelli S, et al.

A modified activated sludge model no . 3 (ASM3)
with  two-step  nitrification e  denitrification.
Environmental Modelling & Software 2007;22.

DOI:10.1016/j.envsoft.2006.05.009.

[197] Kaelin D, Manser R, Rieger L, et al. Extension of ASM3
for two-step nitrification and denitrification and its
calibration and validation with batch tests and pilot
scale data. Water Res. 2009;43:1680-1692.

[198] Decostere B, De Craene J, Van Hoey S, et al. Validation
of a microalgal growth model accounting with inor-
ganic carbon and nutrient kinetics for wastewater
treatment. Chem Eng J. 2016;285:189-197.

[199] Solimeno A, Samsé R, Uggetti E, et al. New mechan-
istic model to simulate microalgae growth. Algal Res.
2015;12:350-358.

[200] Wagner DS, Valverde-pérez B, Saebeo M, et al. AC SC.
Water Res. 2016. DOI:10.1016/j.watres.2016.07.026.

[201] Ariza AR. Photo-activated sludge: a novel algal-bacter-
ial biotreatment for nitrogen removal from wastewater
Ist (London: CRC Press). .2018;348. https://doi.org/10.
1201/9780429058257.

[202] Zambrano ], Krustok I, Nehrenheim E, et al. A simple
model for algae-bacteria interaction in photo-bioreactors.
Algal Res. 2016;19:155-161.

[203] Wagner DS, Valverde-Pérez B, Saebeo M, et al. Towards
a consensus-based biokinetic model for green micro-
algae — the ASM-A. Water Res. 2016;103:485-499.


https://doi.org/10.3390/w11081555
https://doi.org/10.2166/hydro.2015.006
https://doi.org/10.1016/j.envsoft.2003.03.005
https://doi.org/10.1016/j.envsoft.2006.05.009
https://doi.org/10.1016/j.watres.2016.07.026
https://doi.org/10.1201/9780429058257
https://doi.org/10.1201/9780429058257

10450 R. K. ORUGANTI ET AL.

[204] Béchet Q, Shilton A, Guieysse B. Modeling the effects
of light and temperature on algae growth: state of the
art and critical assessment for productivity prediction
during  outdoor Biotechnol ~ Adv.
2013;31:1648-1663.

[205] Solimeno A, Parker L, Lundquist T, et al. Integral
microalgae-bacteria model (BIO_ALGAE): application
to wastewater high rate algal ponds. Sci Total Environ.
2017;601-602:646-657.

[206] Vanrolleghem P, Borchardt D, Henze M, et al. River
water quality model no. 1 (RWQM1): III. Biochemical
submodel selection. Water Sci Technol. 2001;43:31-40.

[207] Eilers PHC, Peeters JCH. A model for the relationship
between light intensity and the rate of photosynthesis
in phytoplankton. Ecol Modell. 1988;42:199-215.

[208] Solimeno A, Parker L, Lundquist T, et al. Science of the
total environment integral microalgae-bacteria model
(BIO _ ALGAE): application to wastewater high rate
algal ponds. Sci Total Environ. 2017;601-602:646-657.

[209] Larsdotter K. Wastewater treatment with microalgae —
a literature review Vatten . 2006 62 ;31-38.

[210] Shriwastav A, Ashok V, Thomas J, et al
A comprehensive mechanistic model for simulating
algal-bacterial growth dynamics in photobioreactors.
Bioresour Technol. 2018;247:640-651.

[211] Yang J, Li Z, Lu L, et al. Model-based evaluation of
algal-bacterial systems for sewage treatment. ] Water
Process Eng. 2020;38:101568.

[212] Casagli F, Zuccaro G, Bernard O, et al. ALBA:
a comprehensive growth model to optimize
algae-bacteria wastewater treatment in raceway ponds.
Water Res. 2021;190:116734.

[213] Sheng H, Ni S, Wang Y, et al. Uncertainty and sensi-
tivity analysis of algal-bacterial model under different
ranges of parameter variation. Biochem Eng J.
2022;179:108334.

[214] Manhaeghe D, Allosserie A, Rousseau DPL, et al.
Model based analysis of carbon fluxes within
microalgae-bacteria flocs using
respirometric-titrimetric data. Sci Total Environ.
2021;784:147048.

[215] Sutherland DL, Turnbull MH, Broady PA, et al
Sciencedirect effects of two different nutrient loads on
microalgal production, nutrient removal and photo-
synthetic efficiency in pilot-scale wastewater high rate
algal ponds. Water Res. 2014;66:53-62.

[216] Li Y, Horsman M, Wu N, et al. Biofuels from
microalgae. Biotechnol Prog. 2008;24:815-820.

[217] Mennaa FZ, Arbib Z, Perales JA. SC. Water Res. 2015.
DOI:10.1016/j.watres.2015.06.007.

[218] Molina Grima E, Belarbi EH, Acién Ferndndez FG, et al.
Recovery of microalgal biomass and metabolites: process
options and economics. Biotechnol Adv. 2003;20:491-515.

[219] Gutiérrez R, Passos F, Ferrer I, et al. Harvesting micro-
algae from wastewater treatment systems with natural
flocculants: effect on biomass settling and biogas
production. Algal Res. 2015;9:204-211.

cultivation.

[220] Abo Markeb A, Llim6s-Turet ], Ferrer I, et al. The use
of magnetic iron oxide based nanoparticles to improve
microalgae harvesting in real wastewater. Water Res.
2019;159:490-500.

[221] Leite LDS, Daniel LA. Optimization of microalgae har-
vesting by sedimentation induced by high pH. Water
Sci Technol. 2020;1-10. DOI:10.2166/wst.2020.106.

[222] Alam A, Vandamme D, Chun W, et al. Bioflocculation
as an innovative harvesting strategy for microalgae.
Rev Environ Sci Biotechnol. 2016;15:573-583.

[223] Lee ], Cho DH, Ramanan R, et al. Microalgae-associated
bacteria play a key role in the flocculation of chlorella
vulgaris. Bioresour Technol. 2013;131:195-201.

[224] Nguyen TDP, Le TVA, Show PL, et al. Bioflocculation
formation of microalgae-bacteria in enhancing micro-
algae harvesting and nutrient removal from wastewater
effluent. Bioresour Technol. 2019;272:34-39.

[225] Javed F, Aslam M, Rashid N, et al. Microalgae-based
biofuels, resource recovery and wastewater treatment:
a pathway towards sustainable biorefinery. Fuel.
2019;255:115826.

[226] Katam K, Bhattacharyya D. Simultaneous treatment of
domestic wastewater and bio-lipid synthesis using
immobilized and suspended cultures of microalgae
and activated sludge. J 1Ind Eng Chem.
2019;69:295-303.

[227] Katam K, Bhattacharyya D. Effect of solids retention
time on the performance of alga-activated sludge asso-
ciation in municipal wastewater treatment and biofuel
production. J Appl Phycol. 2020;32:1803-1812.

[228] Xu L, Cheng X, Wang Q. Enhanced lipid production in
chlamydomonas reinhardtii by co-culturing with azo-
tobacter chroococcum. Frontiers in Plant science.
2018;9:1-13.

[229] Ren HY, Zhu JN, Kong F, et al. Ultrasonic enhanced
simultaneous algal lipid production and nutrients
removal from non-sterile domestic
Energy Convers Manag. 2019;180:680-688.

[230] Venkata Mohan S, Rohit MV, Chiranjeevi P, et al.
Heterotrophic microalgae cultivation to synergize bio-
diesel production with waste remediation: progress and
perspectives. Bioresour Technol. 2015;184:169-178.

[231] Arcila JS, Buitron G. Microalgae-bacteria aggregates:
effect of the hydraulic retention time on the municipal
wastewater treatment, biomass settleability and
methane potential. ] Chem Technol Biotechnol.
2016;91:2862-2870.

[232] Bohutskyi P, Spierling RE, Phan D, et al. Bioenergy
from wastewater resources: nutrient removal, produc-
tivity and settleability of indigenous algal-bacteria poly-
culture, and effect of biomass composition variability
on methane production kinetics and anaerobic diges-
tion energy balance. Algal Res. 2018;36:217-228.

[233] Bohutskyi P, Phan D, Spierling RE, et al. Production of
lipid-containing algal-bacterial polyculture in waste-
water and biomethanation of lipid extracted residues:
enhancing methane vyield through hydrothermal

wastewater.


https://doi.org/10.1016/j.watres.2015.06.007
https://doi.org/10.2166/wst.2020.106

pretreatment and relieving solvent toxicity through
co-digestion. Sci Total Environ. 2019;653:1377-1394.

[234] Anwar M, Lou S, Chen L, et al. Recent advancement and
strategy on bio-hydrogen production from photosyn-
thetic microalgae. Bioresour Technol. 2019;292:121972.

[235] Rashid N, Rehman MSU, Memon S, et al. Current
status, barriers and developments in biohydrogen pro-
duction by microalgae. Renew Sustain Energy Rev.
2013;22:571-579.

[236] Chen Y, Yin Y, Wang J. Biohydrogen production using
macroalgal biomass of laminaria japonica pretreated by
gamma irradiation as substrate. Fuel. 2022;309:122179.

[237] Batista AP, Ambrosano L, Graga S, et al. Combining
urban wastewater treatment with biohydrogen produc-
tion - an integrated microalgae-based approach.
Bioresour Technol. 2015;184:230-235.

[238] Srivastava N, Srivastava M, Singh R, et al. Co-
fermentation of residual algal biomass and glucose
under the influence of Fe304 nanoparticles to enhance
biohydrogen production under dark mode. Bioresour
Technol. 2021;342:126034.

[239] Zhou Y, Schideman L, Yu G, et al. A synergistic combi-
nation of algal wastewater treatment and hydrothermal
biofuel production maximized by nutrient and carbon
recycling. Energy Environ Sci. 2013;6:3765-3779.

[240] Lardon L, Hélias A, Sialve B, et al. Life-cycle assess-
ment of biodiesel production from microalgae. Environ
Sci Technol. 2009;43:6475-6481.

[241] Naaz F, Bhattacharya A, Pant KK, et al. Investigations
on energy efficiency of biomethane/biocrude produc-
tion from pilot scale wastewater grown algal biomass.
Appl Energy. 2019;254:113656.

[242] Karthik V, Kumar PS, Vo DVN, et al. Hydrothermal
production of algal biochar for environmental and
fertilizer applications: a review. Environ Chem Lett.
2021;19:1025-1042.

[243] Jaiswal KK, Kumar V, Vlaskin MS, et al
Hydropyrolysis of freshwater macroalgal bloom for
bio-oil and biochar production: kinetics and isotherm
for removal of multiple heavy metals. Environ Technol
Innov. 2021;22:101440.

[244] Nguyen TB, Truong QM, Chen CW, et al. Mesoporous
and adsorption behavior of algal biochar prepared via
sequential hydrothermal carbonization and ZnCI2
activation. Bioresour Technol. 2022;346:126351.

[245] Li S, Show PL, Ngo HH, et al. Algae-mediated anti-
biotic wastewater treatment: a critical review. Environ
Sci Ecotechnol. 2022;9:100145.

[246] Bilad MR, Discart V, Vandamme D, et al. Coupled
cultivation and pre-harvesting of microalgae in
a membrane photobioreactor (MPBR). Bioresour
Technol. 2014;155:410-417.

[247] Yang J, Gou Y, Fang F, et al. Impacts of sludge reten-
tion time on the performance of an algal-bacterial
bioreactor. Chem Eng J. 2018;343:37-43.

[248] Katam K, Bhattacharyya D. Improving the perfor-
mance of activated sludge process with integrated

BIOENGINEERED (&) 10451

algal biofilm for domestic wastewater treatment: sys-
tem behavior during the start-up phase. Bioresour
Technol Reports. 2021;13:100618.

[249] Ban S, Burns G, Castel J, et al. Diatoms and the ocean
carbon cycle. Protist. 1999;150:25-32.

[250] Hildebrand M, Davis AK, Smith SR, et al. The place of
diatoms in the biofuels industry. Biofuels . 2012;3:221-240.

[251] Sevda S, Garlapati VK, Sharma S, et al. Microalgae at
niches of bioelectrochemical systems: a new platform
for sustainable energy production coupled industrial
effluent treatment. Bioresour Technol Reports.
2019;7:100290.

[252] Saratale RG, Kuppam C, Mudhoo A, et al
Bioelectrochemical systems using microalgae — a concise
research update. Chemosphere. 2017;177:35-43.

[253] Bin Wang D, Song TS, Guo T, et al. Electricity genera-
tion from sediment microbial fuel cells with
algae-assisted cathodes. Int ] Hydrogen Energy.
2014;39:13224-13230.

[254] Bodénés P, Wang HY, Lee TH, et al. Microfluidic
techniques for enhancing biofuel and biorefinery
industry based on microalgae. Biotechnol Biofuels.
2019;12:1-25.

[255] Kim HS, Devarenne TP, Han A. Microfluidic systems
for microalgal biotechnology: a review. Algal Res.
2018;30:149-161.

[256] Medina M, Neis U. Symbiotic algal bacterial waste-
water treatment: effect of food to microorganism ratio
and hydraulic retention time on the process
performance. Water Sci Technol. 2007;55:165-171.

[257] Zhang B, Lens PNL, Shi W, et al. Enhancement of
aerobic granulation and nutrient removal by an algal-
bacterial consortium in a lab-scale photobioreactor.
Chem Eng J. 2018;334:2373-2382.

[258] Ashok V, Shriwastav A, Bose P. Nutrient removal
using algal-bacterial mixed culture. Appl Biochem
Biotechnol. 2014;174:2827-2838.

[259] Posadas E, Garcia-Encina PA, Soltau A, et al. Carbon
and nutrient removal from centrates and domestic
wastewater using algal-bacterial biofilm bioreactors.
Bioresour Technol. 2013;139:50-58.

[260] Arashiro LT, Ferrer I, Rousseau DPL, et al. The effect
of primary treatment of wastewater in high rate algal
pond systems: biomass and bioenergy recovery.
Bioresour Technol. 2019;280:27-36.

[261] Mehrabadi A, Craggs R, Farid MM. Biodiesel produc-
tion potential of wastewater treatment high rate algal
pond biomass. Bioresour Technol. 2016;221:222-233.

[262] Park JBK, Craggs R]. Wastewater treatment and algal
production in high rate algal ponds with carbon diox-
ide addition. Water Sci Technol. 2010;61:633-639.

[263] Robles A, Capson-Tojo G, Gales A, et al. Performance
of a membrane-coupled high-rate algal pond for urban
wastewater treatment at demonstration scale. Bioresour
Technol. 2020;301:122672.

[264] Hernandez D, Riafio B, Coca M, et al. Microalgae

cultivation in high rate algal ponds using



10452 (&) R.K. ORUGANTI ET AL.

slaughterhouse wastewater for biofuel applications.
Chem Eng J. 2016;285:449-458.

[265] Kim BH, Kang Z, Ramanan R, et al. Nutrient removal
and biofuel production in high rate algal pond using
real municipal wastewater. ] Microbiol Biotechnol.
2014;24:1123-1132.

[266] Posadas E, Del M. Morales M, Gomez C, et al.
Influence of pH and CO2 source on the performance
of microalgae-based secondary domestic wastewater
treatment in outdoors pilot raceways. Chem Eng J.
2015;265:239-248.

[267] Young P, Buchanan N, Fallowfield HJ. Inactivation of
indicator organisms in wastewater treated by a high
rate algal pond system. ] Appl Microbiol
2016;121:577-586.

[268] Sutherland DL, Howard-Williams C, Turnbull MH,
et al. Seasonal variation in light utilisation, biomass
production and nutrient removal by wastewater micro-
algae in a full-scale high-rate algal pond. ] Appl Phycol.
2014;26:1317-1329.

[269] Sforza E, Calvaruso C, Meneghesso A, et al. Effect of
specific light supply rate on photosynthetic efficiency
of nannochloropsis salina in a continuous flat plate
photobioreactor. ~ Appl ~ Microbiol  Biotechnol.
2015;99:8309-8318.

[270] Koller AP, Wolf L, Weuster-Botz D. Reaction engineer-
ing analysis of Scenedesmus ovalternus in a flat-plate
gas-lift ~ photobioreactor. Technol.
2017;225:165-174.

[271] Maza-Marquez P, Gonzélez-Martinez A, Rodelas B,
et al. Full-scale photobioreactor for biotreatment of
olive washing water: structure and diversity of the
microalgae-bacteria consortium. Bioresour Technol.
2017;238:389-398.

[272] Binnal P, Babu PN. Optimization of environmental fac-
tors affecting tertiary treatment of municipal wastewater
by chlorella protothecoides in a lab scale
photobioreactor. ] Water Process Eng. 2017;17:290-298.

[273] Podevin M, Fotidis IA, De Francisci D, et al. Detailing
the start-up and microalgal growth performance of a
full-scale photobioreactor operated with bioindustrial
wastewater. Algal Res. 2017;25:101-108.

[274] Naira VR, Das D, Maiti SK. Real time light intensity
based carbon dioxide feeding for high cell-density
microalgae cultivation and biodiesel production in
a bubble column photobioreactor under outdoor nat-
ural  sunlight. Bioresour  Technol.  2019;284:
43-55.

[275] Praveen P, Heng JYP, Loh KC. Tertiary wastewater
treatment in membrane photobioreactor using micro-
algae: comparison of forward osmosis & microfiltra-
tion. Bioresour Technol. 2016;222:448-457.

[276] Gao F, Peng YY, Li C, et al. Coupled nutrient removal
from secondary effluent and algal biomass production in
membrane photobioreactor (MPBR): effect of HRT and
long-term operation. Chem Eng J. 2018;335:169-175.

Bioresour

[277] Marella TK, Datta A, Patil MD, et al. Biodiesel produc-
tion through algal cultivation in urban wastewater
using algal Bioresour Technol.
2019;280:222-228.

[278] Arcila JS, Buitron G. Influence of solar irradiance levels
on the formation of microalgae-bacteria aggregates for

Algal  Res.

floway.

municipal ~ wastewater  treatment.
2017;27:190-197.

[279] Sharma MK, Khursheed A, Kazmi AA. Modified septic
tank-anaerobic filter unit as a two-stage onsite domes-
tic wastewater treatment system. Environ Technol.
(United Kingdom). 2014;35:2183-2193. DOI:10.1080/
09593330.2014.896950.

[280] Kumar D, Hiremath AM, Asolekar SR. Integrated
management of wastewater through sewage fed aqua-
culture for resource recovery and reuse of treated
effluent: a case study. APCBEE Procedia.
2014;10:74-78.

[281] Katam K, Bhattacharyya D, Soda S, et al. Effect of
hydraulic retention time on the performance of trick-
ling photo-bioreactor treating domestic wastewater:
removal of carbon, nutrients, and micropollutants.
journal of Industrial and Engineering Chemistry.
2021;102:351-362.

[282] Hiilsen T, Barry EM, Lu Y, et al. Domestic waste-
water treatment with purple phototrophic bacteria
using a novel continuous photo anaerobic membrane
bioreactor. Water Res. 2016;100:486-495.

[283] Habib R, Asif MB, Iftekhar S, et al. Influence of relaxa-
tion modes on membrane fouling in submerged mem-
brane bioreactor for domestic wastewater treatment.
Chemosphere. 2017;181:19-25.

[284] Feng C, Tsai CC, Ma CY, et al. Integrating
cost-effective microbial fuel cells and energy-efficient
capacitive deionization for advanced domestic waste-
water treatment. Chem Eng J. 2017;330:1-10.

[285] Larsen C, Yu ZH, Flick R, et al. Mechanisms of phar-
maceutical and personal care product removal in
algae-based wastewater treatment systems. Sci Total
Environ. 2019;695:133772.

[286] Solé A, Matamoros V. Removal of endocrine disrupt-
ing compounds from wastewater by microalgae
co-immobilized in alginate beads. Chemosphere.
2016;164:516-523.

[287] Vassalle L, Garcia-Galan M]J, Aquino SF, et al. Can
high rate algal ponds be used as post-treatment of
UASB  reactors to remove micropollutants?
Chemosphere. 2020;248:125969.

[288] Pandey A, Katam K, Joseph P, et al. Micropollutant
removal from laundry wastewater in algal-activated
sludge systems: microbial studies. Water Air Soil
Pollut. 2020;231. DOI:10.1007/s11270-020-04749-x.

[289] Arashiro LT, Rada-Ariza AM, Wang M, et al
Modelling shortcut nitrogen removal from wastewater
using an algal-bacterial consortium. Water Sci Technol.
2017;75:782-792.


https://doi.org/10.1080/09593330.2014.896950
https://doi.org/10.1080/09593330.2014.896950
https://doi.org/10.1007/s11270-020-04749-x

[290] Broekhuizen N, Park JBK, McBride GB, et al.
Modification, calibration and verification of the IWA
River Water Quality Model to simulate a pilot-scale
high rate algal pond. Water Res. 2012;46:2911-2926.

[291] Solimeno A, GoOmez-Serrano C, Acién FG.
BIO_ALGAE 2: improved model of microalgae and
bacteria consortia for wastewater treatment. Environ
Sci Pollut Res. 2019;26:25855-25868.

[292] Liu X, Chen G, Tao Y, et al. Application of effluent
from WWTP in cultivation of four microalgae for
nutrients removal and lipid production under the sup-
ply of CO2. Renewable Energy. 2020;149:708-715.

[293] Qu Z, Duan P, Cao X, et al. Comparison of monoculture
and mixed culture (Scenedesmus obliquus and wild
algae) for C, N, and P removal and lipid production.
Environ Sci Pollut Res. 2019;26:20961-20968.

[294] Gupta SK, Ansari FA, Shriwastav A, et al. Dual role of
chlorella sorokiniana and scenedesmus obliquus for
comprehensive wastewater treatment and biomass pro-
duction for bio-fuels. J Clean Prod. 2016;115:255-264.

[295] Shen QH, Jiang JW, Chen LP, et al. Effect of carbon source
on biomass growth and nutrients removal of scenedesmus
obliquus for wastewater advanced treatment and lipid
production. Bioresour Technol. 2015;190:257-263.

[296] Cho HU, Cho HU, Park JM, et al. Enhanced microalgal
biomass and lipid production from a consortium of

BIOENGINEERED (&) 10453

indigenous microalgae and bacteria present in munici-
pal wastewater under gradually mixotrophic culture
conditions. Bioresour Technol. 2017;228:290-297.

[297] Zhou X, Jin W, Wang Q, et al. Enhancement of pro-
ductivity of chlorella pyrenoidosa lipids for biodiesel
using co-culture with ammonia-oxidizing bacteria in
municipal wastewater. Renewable
2020;151:598-603.

[298] Sharma J, Kumar V, Kumar SS, et al. Microalgal con-
sortia for municipal wastewater treatment - lipid aug-
mentation and fatty acid profiling for biodiesel
production.  Journal of Photochemistry and
Photobiology B: Biology. 2020;202:111638.

[299] Mehrabadi A, Farid MM, Craggs R. Potential of five
different isolated colonial algal species for wastewater
treatment and biomass energy production. Algal Res.
2017;21:1-8.

[300] Zheng Y, Chi Z, Lucker B, et al. Two-stage hetero-
trophic and phototrophic culture strategy for algal
biomass and lipid production. Bioresour Technol.
2012;103:484-488.

[301] Wang XW, Huang L, Ji PY, et al. Using a mixture of
wastewater and seawater as the growth medium for
wastewater treatment and lipid production by the mar-
ine diatom phaeodactylum tricornutum. Bioresour
Technol. 2019;289:121681.

Energy.



	Abstract
	1.  Introduction
	2.  Microalgae for wastewater treatment
	3.  Microalgae-bacterial systems for wastewater treatment
	3.1.  Algae-bacterial symbiosis and interactions
	3.1.1  Quorum sensing molecules and their effect on algal-bacterial population dynamics
	3.1.2  Horizontal gene transfer

	3.2  Algae-bacterial treatment systems
	3.2.1.  Suspended growth systems
	3.2.2  Attached growth systems


	4.  Physio-chemical factors affecting algal-bacterial systems
	4.1  pH & temperature
	4.2.  Light intensity
	4.3  Nutrients and C/N/P ratio
	4.4  External aeration

	5.  Micropollutant or ‘emerging contaminant’ removal in algal-bacterial systems
	5.1  Sorption
	5.2  Volatilization
	5.3  Photodegradation
	5.4  Biodegradation

	6.  Algal-bacterial systems modeling
	7.  Biomass harvesting
	8.  Resource recovery
	8.1  Biochemical conversion
	8.2  Thermochemical conversion

	9.  Challenges and future prospective of the algal-bacterial system for wastewater treatment
	10.  Conclusion
	Disclosure statement
	Funding
	References

