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ABSTRACT

HIgh costs for aeration, greenhouse-gas emissions and excess sludge dis-
posal have entailed a paradigm shift in the wastewater treatment.

Microalgal-bacterial-based wastewater treatments have gained increasing at-
tention because of their potential in energy demand reduction and biomass
resource recovery. In particular, photosynthetic oxygenation is combined with
bacterial activity to treat wastewater avoiding external artificial aeration.
To optimize the technology in order to become more competitive than activated
sludge, an in-depth investigation about the treatment performance and the
microbiology interactions under real operational condition is needed.
This work focused on the study of wastewater-borne microalgal-bacterial con-
sortia treating real municipal wastewater. The main objectives were to: (i) Un-
derstand the removal mechanisms and the influence of operational conditions
to optimize the process; (ii) Analyze the microbial community.
At first, a photo-sequencing batch reactor (PSBR), called Pilot, was started up
and continuously monitored for two years to analyze the evolution of the treat-
ment performance and of the biomass composition. At the same time, other
two lab-scale PSBRs were installed to evaluate if microalgal inoculation is es-
sential to start up a consortium. Samples of these consortia were collected over
a period of one year and analyzed through microscopic observations, flow cy-
tometry and metagenomics, to investigate the microbial structure and diversity.
A second part of the research focused on the optimization of the Pilot to explore
its limit in view of the scale-up of the system. In addition, respirometry was
adapted to test microalgal-bacterial consortia to estimate the removal kinetic
parameters for future modelling.
To conclude, the research project addressed many aspects and lay the founda-
tion to apply a methodological research approach to scale-up this promising
technology.
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THESIS STRUCTURE

The thesis is structured in 14 chapters. A general introduction on the back-
ground of the research is presented in Chapter 1. Chapter 2 provides a brief
overview on the state of the art and the research objectives. Chapters from 3
to 13 cover the experimental part of the thesis and are presented as scientific
papers, in part published in peer-reviewed scientific journals. For each of these
chapters, a preface is included to help link the chapters together according to
the research objectives. At the end, Chapter 14 summarizes the main results
and future perspectives are discussed.

Where the Chapters refer to published papers insert in the thesis, the refer-
ences have been changed with the corresponding Chapter.

The term “microalgae” is used as broad term including both eukaryotic microalgae and
cyanobacteria. Likewise, the term “bacteria” refers to non-photosynthetic prokaryotic
microorganisms, unless stated otherwise.
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GENERAL INTRODUCTION

This Chapter is a general introduction on the background of the research. The evolution

of the scientific research in the field of microalgal-based wastewater treatment is briefly

described.
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CHAPTER 1. GENERAL INTRODUCTION

1.1 A new paradigm in wastewater treatment

Anthropogenic activity produces large amounts of wastewater rich in nutri-

ents that can cause eutrophication if directly discharged in the environment. At

the same time, the increasing population that demand more water, and climate

change are moving the planet towards a water crisis; therefore, treatment and

reuse of wastewater is becoming imperative. In addition, due to the depletion

of natural resources, it has emerged the importance to recover nutrients.

Following the concept of circular economy, there is a need to change the

point of view. Waste is no longer something to dispose of, but a resource. There-

fore, it arises the necessity to transform wastewater treatment plants (WWTPs)

to water resource recovery facilities (WRRFs). Moreover, in the era of climate

change, the concept of sustainable development results in a push to rethink the

wastewater treatment as an effective treatment with low energy consumption,

low carbon production and resource recycling.

To date, activated sludge (AS) process is the most widespread biological

treatment method for wastewater. However AS-based technologies are charac-

terized by high energy consumption with related greenhouse gases emission,

and excess sludge disposal.

In the last decades, scientific research has been stimulated to develop more

sustainable alternatives in order to overcome the drawbacks of AS-based tech-

nology. The ideal treatment provides high quality effluents, maximize nutrient

recovery and energy production, and at the same time it is economically to

operate (low energy consumption) and sustainable (minimum CO2 footprint).

A promising solution to this challenge is represented by the combination of

microalgae and bacteria. The potentiality of this alternative relies on (free) pho-

tosynthetic oxygenation to replace mechanical aeration together with carbon

dioxide sequestration through photosynthesis. The sustainability of the process

derives also from the possibility of energy valorization via anaerobic digestion

and nutrient recovery via biomass (Posadas et al., 2017).
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1.2 From microalgal cultivation to wastewater

treatment

Microalgae are photosynthetic unicellular organisms by definition micro-

scopic (with the size in the order of micrometers). They primarily exploit light

energy and inorganic carbon (CO2) for their metabolism, producing at the same

time O2. Chlorophyll a is the photosynthetic pigment present in all the species

(Lee, 2008). They contribute to the production of almost 50% of the oxygen in

the atmosphere (Andersen, 2005; Chapman, 2013).

Microalgae are a highly diversified group of eukaryotes (Barsanti and Gualtieri,

2014) that also contains cyanobacteria, which are oxygenic photosynthetic

prokaryotes (i.e. bacteria). They commonly occur in water (freshwater or ma-

rine) but they can also be found in all types of soils (Richmond, 2004; Lee, 2008),

where they exist individually or in groups.

The interest in microalgae as a source of food and biofuel date back to the

1950s. At that time, Oswald firstly described the possibilities to treat wastewater

with microalgae (Oswald et al., 1953). However, the research on microalgae

blooms in the late 1990s, when the problem of increasing energy consumption,

fossil fuel depletion and climate change started to arise.

In the last years microalgae have been regarded as a possible substitute in

the generation of biofuel alternative to fossil fuels. Thanks to their high content

in lipids (20-40%) and carbohydrates (30-60%), microalgae can be used for

biodiesel and bioethanol production, respectively (Gupta et al., 2019). Addi-

tionally, unlike fossil fuels, microalgae cultivation releases oxygen and fix CO2

(Khan et al., 2018).

Microalgae are considered third generation biofuel, since are devoid of the

major drawbacks of the first (terrestrial crops) and second (residues of lignocel-

lulosic agriculture and forest, non-food crop feedstocks) generation biofuels: (i)

competition with food market for land and water use and (ii) land use changes

(deforestation) (Brennan and Owende, 2009). In addition, microalgae are char-

acterized by higher productivity compared to terrestrial crops and need less
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water since they grow in aqueous media (Brennan and Owende, 2009).

Following a biorefinery concept, to increase the economic feasibility, resid-

ual biomass could be further processed into valuable co-products (Chew et al.,

2017). Microalgal biomass include different biomolecules (such as lipids, pro-

teins, carbohydrates, pigments, vitamins and polyunsaturated fatty acids) that

have potential applications in industrial products (de Jesús Martínez-Roldán

and Ibarra-Berumen, 2019) as described in Table 1.1.

Sector Application/Compounds Reference

Human nutrition
Food additive; Food

supplement (high-protein
content)

Bernaerts et al.,
2019

Pharmaceuticals

Antioxidant,
anti-inflammatory, antitumor,

anticancer, antimicrobial,
antiviral and antiallergic

Deniz et al., 2017

Cosmetics
Thickening, water-binding

and antioxidants agents
Ariede et al., 2017

Animal feed and
aquaculture

Feed
Dineshbabu et al.,

2019

Agriculture
Biofertilizer, plant growth

promoter
Renuka et al.,

2018

Energy
production

Methane
Brennan and

Owende, 2009
Hydrogen

Ethanol
Environment
remediation

Wastewater treatment Judd et al., 2015

CO2 mitigation
Gonçalves et al.,

2017

Table 1.1 Potential applications of microalgae and microalgal
biomolecules.

Despite microalgal potential as biofuel resource, the commercial viability

presents many challenges. In particular, microalgal cultivation is still not eco-

nomically competitive with fossil fuel production. The use of wastewater as

growth medium enables to lower the cost of microalgal cultivation (Christenson

and Sims, 2011). In this way it is possible to reduce the requirement of fresh-
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water and the addition of nutrients (Gupta et al., 2019). Wastewaters have high

amount of nitrogen and phosphorous that are essential biomass constituents

(de Jesús Martínez-Roldán and Ibarra-Berumen, 2019). It is worth noting that

microalgae cultivated with wastewater cannot be processed for human use

(Molinuevo-Salces et al., 2019).

The utilization of wastewater as growth medium results not only in biomass

production, but also in carbon dioxide mitigation and bioremediation (Cai et

al., 2013). Therefore, researchers have been increasing their attention in the

suitability of microalgae for wastewater treatment (Cai et al., 2013; Wang L. et

al., 2016). In particular, municipal wastewater represents an excellent option

for microalgal remediation, because the content of nitrogen and phosphorous

is sufficient to sustain the growth and, at the same time, the concentration of

other contaminants (especially heavy metals) does not reach inhibitory levels

(de Jesús Martínez-Roldán and Ibarra-Berumen, 2019).

After the successful preliminary results in biodiesel production, part of the

research started to focus on the possibility to treat wastewater (Posadas et al.,

2017). Microalgae have proved to be effective in the treatment of different types

of wastewater. At the beginning, microalgae were tested as tertiary treatment

of wastewaters rich in nutrients, such as agro-based industries (Gupta et al.,

2019), or as post-treatment after anaerobic units. Then, research has shown that

microalgae can be applied also for secondary wastewater treatment, especially

if combined with bacteria.

Microalgae alone are characterized by low settleability due to negatively charged

surface and colloidal stability in suspension (Barros et al., 2015). The co-existence

with bacteria results in spontaneous bio-flocculation. Therefore, it is easier and

more sustainable to separate the biomass from the liquid phase.

As wastewater itself contains different microorganisms (especially bacteria),

microalgal based wastewater treatment results in a consortium of different

microbes (He et al., 2013; Saunders et al., 2016). Microalgae inevitably coexist

with bacteria unless wastewater is sterilized or filtrated, but with huge costs (He

et al., 2013).
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If the presence of bacteria may be a problem under the point of view of

microalgal cultivation (contamination), it represents a resource for wastewater

treatment mainly thanks to the symbiotic relationship between microalgae

and bacteria that is related to gas exchange. Microalgae in presence of light,

produce oxygen that bacteria use for respiration and in the oxidation process of

compounds, releasing at the same time CO2 that is essential for microalgae to

perform photosynthesis. In addition, the microorganisms variety is beneficial

for the robustness of the treatment process (Muñoz and Guieysee, 2006). Since

the consortia is characterized by different metabolic pathways it is more adapt-

able to operating condition (especially, environmental conditions and influent

wastewater characteristics).

In conclusion, microalgal-bacterial consortia for wastewater treatment have

received increasing attention in the recent years as a sustainable alternative

to activated sludge process. The advantages are the avoidance of mechanical

aeration (and thus energy savings), replaced by photosynthetic oxygenation,

and the production of valuable biomass for energy recovery and valuable com-

pound extraction. However, there are still some challenges to overcome before

this promising technology can be implemented at real-scale.
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MICROALGAL-BACTERIAL CONSORTIA
FOR WASTEWATER TREATMENT

In this Chapter, a brief overview on the state of art about microalgal-bacterial consortia

for wastewater treatment is presented.

The chapter is not intended to provide a complete review on the topic: only the aspects

related to the research work are presented. Each of the following Chapters, contains

a more focused introduction on the topic addressed and a critical discussion of the

results.

At the end, the research needs for the development of microalgal-bacterial systems are

highlighted and the objectives of this research work are stated.
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The most widespread biological treatment for wastewater is based on acti-

vated sludge (AS). Activated sludge is a consortium of heterotrophic and nitrify-

ing bacteria that undergoes different working conditions (i.e. aerobic, anoxic,

anaerobic), able to ensure satisfactory levels of pollutant removal. However,

AS-based processes are characterized by high-energy consumption (largely

associated to mechanical aeration to sustain bacterial activity; WRF and EPRI,

2013) and environmental impacts (high CO2 footprint and excess sludge dis-

posal) (Figure 2.1).

More stringent discharge regulations, increasing of process costs due to energy

input and sludge disposal, coupled with environmental impacts, have pushed

the scientific research to explore sustainable alternatives (Gonçalves et al. 2017).

In a context of climate change and sustainable development, next generation

processes should overcome the drawbacks of AS-based technology and, at the

same time, providing an efficient and reliable treatment. This entails a paradigm

shift in wastewater treatment.

A promising solution for a sustainable and low-cost wastewater treatment

is represented by the combination of microalgae and bacteria.

If properly exploited, the presence of microalgae means: (i) cost-free oxygena-

tion, (ii) CO2 sequestration and (iii) production of valuable biomass (Figure

2.1). To enhance CO2 sequestration, flue gas treatment can be combined with

wastewater treatment. As far as the biomass produced is concerned, it can be

transformed into biofuels, biofertilizer or to extract high-valuable compounds,

such as pigments or vitamins (Ferreira et al., 2019). If compared to conventional

wastewater treatment plants, microalgal-bacterial based treatment may sig-

nificantly reduce oxygenation costs with respect to activated sludge and may

enhance nutrient recovery with respect to anaerobic digestion of excess sludge

(Muñoz and Guieysse, 2006).

Many different review papers have attempted to synthetize the knowledge

and the research gap in microalgal-bacterial consortia applied to wastewater

treatment. In this Chapter are introduce some basic concept to sustain the

research work, referring to the main literature for more detailed discussions.
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< energy requirement

Aeration

O2
O2

< GHG emissions

Valuable Biomass €€

Wastewater

BIOFUEL

BIOGAS

Microalgae

Bacteria

High energy requirement€

Aeration

O2
O2

GHG emissions

Sludge disposal €

Wastewater
Bacteria

A

B

BIOMOLECULES

Figure 2.1 Comparison between (A) Conventional wastewater treat-
ment based on activated sludge, and (B) Microalgal-bacterial-based
treatment
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2.1 Interactions between microalgae and bacteria

Spontaneous consortia of microalgae grow as biofilms on submerged sur-

faces (usually tank walls) of conventional wastewater treatment plants (Ferreira

et al., 2019; references therein). However, their bloom is prevented by non-

suitable conditions as for example turbidity and the presence of dense flocs

of activated sludge (Albertano et al., 1999). These biofilms of microalgae are

characterized by high diversity. In particular, cyanobacteria, diatoms, and green

algae are the dominant groups (Ferreira et al., 2019). In the late 1990s, Craggs

et al. (1996) started to firstly assess the potential of these native microalgal

consortia.

Different selected microalgal species have been tested in the treatment of

wastewater (Wang Y. et al., 2016; Li et al., 2019); in particular Chlorella and

Scenedesmus spp. that have shown to be effective in the removal of nitrogen and

phosphorous from different wastewater types (Cai et al., 2013). However, these

species have been mostly tested using synthetic wastewater (Cuellar-Bermudez

et al., 2017; Li et al., 2019), at a lab- and pilot-scale. Chlorella and Scenedesmus

spp. naturally dominate algal-ponds (Muñoz and Guieysse, 2006), but these

systems are not efficient and cannot compete against activated sludge as sus-

tainable alternative and cost-effective solutions. Moreover, mixed strains can

perform functions difficult for single species (Subashchandrabose et al., 2011).

Native consortia of microalgae may spontaneously establish during wastewater

treatment (Olguin et al., 2012). Therefore, systems with pure microalgae are

difficult to maintain permanently (Xu et al., 2009; Cuellar-Bermudez et al., 2017)

unless the influent wastewater is sterilized, but with huge costs (He et al., 2013).

Microalgae and bacteria naturally co-habit and interact in the environment

(Subashchandrabose et al., 2011). Likewise, in wastewater treatment microalgae

co-exist with other microorganisms (mainly bacteria) that enter the system

through the influent wastewater (He et al., 2013; Saunders et al., 2016) and the

air (Cuellar-Bermudez et al., 2017), or that are specifically inoculated (e.g. acti-

vated sludge). Anyway, microalgae and bacteria result in a complex consortium.

Their main symbiotic relationship is based on exchange of oxygen and
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carbon dioxide. In the treatment of wastewater this means that in presence

of light, microalgae through photosynthesis may produce the oxygen to sus-

tain bacterial activity (i.e. oxidation of compounds and respiration) and at the

same time bacteria release CO2 that is essential for microalgae to perform pho-

tosynthesis. Therefore, the exploitation of this symbiotic relation results in a

wastewater treatment that avoid artificial aeration, lowering energy consump-

tion and greenhouse gas (GHG) emissions. In addition, photo-oxygenation

limits the risks of pollutant volatilization unlike intensive mechanical aeration

(Muñoz and Guieysse, 2006).

The first research group that tried to engineer microalgal-bacterial consortia

was guided by Prof. William Oswald, who reported for the first time the sym-

biosis of microalgae and bacteria in the treatment of wastewater in oxidation

ponds (Oswald et al.,1953).

Microalgal-bacterial interactions may result in mutualism, parasitism or

commensalism, in both natural and biotechnological environments (Amin et

al., 2012; Kouzuma and Watanabe, 2015; Ramanan et al., 2016). To date, the in-

teractions between and within microalgae and bacteria during the wastewater

treatment are not yet completely understood (Ramanan et al., 2016). Several

authors have reported both cooperative (metabolites’ exchange) and competi-

tive interactions (Unnithan et al., 2014; Ramanan et al., 2016; Gonçalves et al.

2017; Lee and Lei, 2019). The main interactions known are presented in Table

2.1 (Gonçalves et al. 2019).

Understand the community relationships is crucial to achieve an efficient

treatment of wastewater (Subashchandrabose et al., 2011). However, there is still

a lack of knowledge about the microalgal-bacterial consortia that established

in system treating wastewater; in particular about all the metabolic pathways

available. Most studies have focused on the interactions between one or two

species not considering the variety of the consortia that establish in wastewater

treatment systems and the characteristics of the influent wastewater (Wang et

al., 2018).

Microalgal-bacterial consortium presents similar bacterial composition
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Interaction Bacteria −→ Microalgae Microalgae −→ Bacteria

Cooperative
Supply of CO2 Supply of O2

Excretion of growth-
promoting factors

Supply of organic matter

Secretion of extracellu-
lar polymeric substances
that can serve as a habi-
tat

Secretion of extracellu-
lar polymeric substances
that can serve as a habitat

Competitive Excretion of substances
with algacidal effect

Excretion of substances
with bactericidal effect

Table 2.1 Cooperative and competitive interactions occurring in
microalgal-bacterial consortia (Partially adapted from Gonçalves et
al. (2019).

found in conventional activated sludge process (García et al. 2018). However,

their metabolisms may differ from the one observed in activated sludge due to

different design and operational conditions.

Wastewater composition and operational conditions affect the proportion

of microalgae and bacteria and the composition of the consortium (i.e. the

dominant species) (Posadas et al., 2017; Ferreira et al., 2019). Despite there

are not direct quantification, scientists agree that bacteria predominate in

the consortium (Posadas et al., 2017). In addition, changes in environmental

conditions may shift the microbial community, affecting the stability of the

system (Wang et al., 2018).

Finally, another advantage of the co-existence of microalgae and bacteria is

bio-flocculation. Bio-flocculation is flocculation caused by secreted biopoly-

mers (Christenson and Sims, 2011) and it spontaneously occurs quite often in

microalgal-bacterial consortia (Molinuevo-Salces et al., 2019). As reported from

many authors (Quijano et al., 2017 and references therein), microalgae and

bacteria aggregate in flocs or granules resulting in a settleable system that does

not require expensive and complex method of separation (such as filtration),

reducing biomass recovery costs (Gonçalves et al. 2017).

Microalgal-bacterial flocs or granules settle quicker due to their large size
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(Table 2.2) compared with microalgae and bacteria alone.

The success of bio-flocculation depends on the production of EPS (Extracel-

lular polymeric substances) and on the ability of microorganisms to attach to

them (Lee et al., 2010). Microalgae and bacteria both produce EPS, but they are

indistinguishable from one another (Barros et al., 2015).

Microalgal-
bacterial

Size Reactor
type

Reference

Flocs 50 µm-1 mm SBR Guitzeit et al., 2005
Flocs 150-300 µm SBR van Den Hende et al., 2011
Flocs 300-1000 µm Raceway

pond
van Den Hende et al., 2016

Flocs 200-600 µm SBR Chapter 10
Granules 600-2000 µm SBR Tiron et al., 2017

Table 2.2 Size of microalgal-bacterial flocs and granules reported in
literature. SBR: Sequencing Batch Reactor

2.2 Pollutant removal

According to the working conditions, contaminants can be removed through

biotic (e.g. biomass uptake, oxidation process, nitrification and denitrification)

or abiotic process (e.g. ammonia volatilization and phosphorous precipitation),

and one metabolism (microalgal or bacterial) could prevail over the others.

However, to date the limiting factors of growth in microalgal-bacterial consortia

are still unclear.

2.2.1 Carbon removal

Organic matter Bacteria are the main responsible of organic matter re-

moval. However, microalgae that possess heterotrophic and mixotrophic metabolism,

may contribute to the removal of biodegradable organic carbon (Cuellar-Bermudez

et al., 2017). Anoxic condition that may occur in dark zone or during dark period,

may allow denitrification in presence of nitrate and organic matter.

In the treatment of municipal wastewater, organic matter is not considered
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a critical parameter. As shown in Table 2.3, high percentage of removal are

usually reported in literature. However, when scaling up the process organic

matter removal may decrease (Van den Hende et al., 2014).

Inorganic carbon In presence of light, microalgae use CO2 as carbon source

for growth via photosynthesis (autotrophic growth). At the same time, bacterial

respiration and oxidation processes produce carbon dioxide.

At neutral pH, CO2 is mostly present in the form of HCO−
3 (Figure 2.3), that

is assimilated by microalgae and then internally transformed to CO2 prior to

utilization (Cai et al., 2013). At high values of pH (>10), CO2−
3 is mostly present

(Figure 2.3) and since it is not biogenic, microalgae growth is limited (Solimeno

and García, 2017).

CO2 may also be introduced in the system (exhaust gases) to enhance microalgal

growth and control pH (Posadas et al., 2015 ).

Compared to conventional activated sludge, CO2 emissions are remarkably

lower. In addition, a negative balance may occur if flue gas (rich in CO2) is

injected into the process (Molinuevo-Salces et al., 2019).

2.2.2 Nitrogen removal

Nitrogen is mainly present in wastewater in the form of ammonium. The

possible removal mechanisms with microalgal-bacterial consortia are assimila-

tion to form new biomass, nitrification-denitrification, and ammonia volatiliza-

tion (with pH>9).

For what concern microalgae, ammonium is preferred for biomass production

over other inorganic nitrogen forms, and only when it is completely consumed

nitrate or nitrite consumption occurs (Cai et al., 2013; He et al., 2013).

According to the treatment condition, the main removal mechanism differs

(Wang et al., 2018). Su et al. (2011) treating municipal wastewater reported that

algal biomass assimilation was the main removal mechanism, accounting for

more than 40% of total nitrogen removal, while nitrification represented only

the 17-20%. On the contrary, Karya et al. (2013) treating synthetic wastewater,
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showed that nitrification was the main nitrogen removal mechanism, account-

ing for 80% of total nitrogen removal.

When pH values higher than 9 are reached, ammonia volatilization take place

and effectively influence nitrogen removal (Delgadillo-Mirquez et al., 2016).

High pH is due to inorganic carbon consumption linked to photosynthetic

activity, not counterbalanced by bacterial oxidation. However, pH could be

controlled by bubbling CO2. The simultaneous processes of nitrification and

carbon dioxide consumption (photosynthesis) could maintain pH close to neu-

trality (González-Fernández et al., 2011).

Nitrifiers oxidize ammonium into nitrate. Nitrate could be denitrified in pres-

ence of organic matter and anoxic condition by anoxic heterotrophic (denitri-

fying) bacteria or could be assimilated by microalgae as nitrogen source for

biomass production. Anoxic conditions may occur during dark periods, in dark

zones of the reactor and inside flocs. Thanks to diffusional gradients between

the outer and the inner of microalgal-bacterial aggregates, oxygen may not pen-

etrate in the inner part of the flocs, therefore nitrification and denitrification

may occur simultaneously.

When oxygen is supplied only through photosynthesis, low DO may occur in the

system; as a result, heterotrophs compete with nitrifiers for oxygen and nitrifica-

tion may be slow down, resulting in partial nitrification (nitrites accumulation).

This phenome could be exploited to obtain a shortcut N removal. Wang et

al. (2015) obtained over 80% of N removal through nitritation/denitrification.

While Manser et al. (2016) combined the partial nitrification with Anammox

instead of heterotrophic denitrification.

Biomass composition, operational conditions and reactors design affect

the process. In particular inorganic carbon availability and dissolved oxygen

concentration directly control the main nitrogen removal mechanism (Posadas

et al., 2017).

The process should be driven towards the most convenient removal process,

depending on the sludge final destination and the wastewater treatment goals

(Karya et al., 2013). It is crucial to understand the working conditions to apply

according to the nitrogen removal mechanism to be exploited.
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Of particular concern when considering nitrogen removal pathways is the for-

mation of N2O, a potent greenhouse gas. However, since the mechanism of N2O

formation have not been yet elucidated, further research is needed (Wang et al.,

2018).

2.2.3 Phosphorous removal

Biomass uptake and chemical precipitation are the main phosphorus re-

moval mechanisms.

Chemical precipitation occurs in the presence of Ca2+ and Mg2+ when pH val-

ues higher than 9 are reached (Cai et al., 2013).

Microalgae are capable of luxury phosphorous uptake (Powell et al., 2008). Pow-

ell et al. (2008) determined that the key factors influencing luxury uptake are

phosphate concentration, light intensity and temperature. Some microalgal

species accumulate P in the form of polyphosphate up to 2-3% of their cell

dry weight when P supply is high (in the order of 10 mg/L) (Powell et al., 2009).

Phosphorus assimilation by microalgae could be a suitable removal mechanism

but long HRTs are required to reach high removal efficiency.

To exploit enhanced biological phosphorus removal through polyphosphate-

accumulating organisms (PAOs), there is the necessity to guarantee suitable

conditions as alternation of anaerobic and aerobic conditions and availability

of simple carbon compounds.

2.2.4 Heavy metal and micropollutant removal

Microalgal-bacterial consortia have proved to be effective in the treatment

of industrial wastewater containing hazardous compounds (Wang Y. et al.,

2016). In particular, microalgal-bacterial consortia could potentially remove

compounds that are receiving increasing attention such as heavy metals (Muñoz

et al., 2006) and pharmaceuticals (Matamoros et al., 2015). However, the effi-

ciency of the process depends on the concentration of the toxic compounds,

because they may inhibit the microorganisms (Molinuevo-Salces et al., 2019).
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2.3 Valorization of produced biomass

Since the valorization of the produced biomass is not a research topic of my

doctoral Thesis, a briefly discussion is provided.

The presence of microalgae represents an added value of the biomass pro-

duced that opens new possibilities of exploitation as mentioned in Chapter 1.

Since the biomass is obtained after wastewater treatment, the most suitable

uses are energy production, biofertilizer and animal food production (Acien et

al. 2017).

There is still a lack of knowledge on the best valorization pathway to improve

the economic outlook of the process. For example, Vulsteke et al. (2017) as-

sessed the economic viability of four pathways to valorize microalgal-bacterial

biomass. They founded that biomass as shrimp feed supplement and extraction

of phycobiliproteins are the most profitable solutions while the revenues with

biogas production are negligible.

2.4 Parameters affecting microalgal-bacterial

activities

Physical, chemical, biological and operational factors may affect microalgal

and bacterial activity and so the treatment removal efficiency. The parameters

that have a stronger effect are discussed below.

2.4.1 Temperature

The optimal temperature for growth is species related, however most of

the microalgae in wastewater treatment, as bacteria, tolerate temperatures

between 16 and 27◦C (Barsanti and Gualtieri, 2014). Under 16◦C biomass growth

slows down while temperature over 35◦C can be lethal (Barsanti and Gualtieri,

2014). Attention at temperature values should be paid under outdoor conditions

especially in temperate zones, where temperatures fluctuate throughout the

year.
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2.4.2 Light

Light is the key parameter since is the energy source for microalgae to

perform photosynthesis and thus to produce oxygen. Microalgae absorb the

photosynthetic active radiation (PAR, measured as µmol m−2 s−1) that is the

fraction of irradiance between 400 and 700 nm. For most of the microalgae, the

photosynthetic apparatus gets saturated at light irradiances of about 200-250

µmol m−2 s−1 (Richmond, 2004). It is worth noting that only the 40% of the

direct solar irradiance reaching the Earth surface is photosynthetically active

(Richmond, 2004). On a sunny day, the maximum solar irradiance suitable for

photosynthesis is 1800 µmol m−2 s−1 (Richmond, 2004).

In presence of microalgae, light penetration inside the system is paramount

to ensure photo-oxygenation, therefore self-shading effect due to biomass

concentration and photobioreactor design (shape, materials) should be prop-

erly considered. Biomass represent a limitation for light irradiance, in fact a

high concentration reduces light penetration and results in mutual shading

(self-shading) creating dark zones inside the system and thus reducing photo-

synthetic activity. Therefore, during light period microalgae are expose to light

and dark with a certain frequency that is linked to the mixing condition.

Turbidity of the influent wastewater is another factor to consider because it

affects light penetration.

The rate of photosynthesis (P) is strictly correlated to light intensity (I), and

this relationship can be depicted in three stages, as shown in Figure 2.2 (Béchet

et al., 2013): (i) Light-limited: at low irradiance there is proportionality between

P and I; (ii) Light-saturated: after a certain light intensity the photosynthetic

apparatus become light-saturated. P is maximum independently from the light

intensity; (iii) Light-inhibited: if light intensity is beyond an inhibitory thresh-

old, the rate of photosynthesis starts to decrease due to deactivation of the

photosynthetic process.

Artificial lamps (e.g. Fluorescent lamp, LED lights) can provide a suitable light

energy that is constant and controllable. Therefore, artificial light is useful to ex-

clude the variability of light when studying the effect of other parameters on the
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Figure 2.2 Typical relationship between the Rate of Photosynthesis (P)
and Light intensity (I). (Adapted from Béchet et al., 2013)

treatment process. On the other hand, power consumption affects negatively

the energy balance of the process making the use of artificial light not suitable

in real scale applications. In literature, the light intensities that are employed

more frequently, range between 100 and 200 µmol m−2 s−1 that correspond to

5-10 % of full daylight (2000 µmol m−2 s−1) (Barsanti and Gualtieri, 2014).

Sunlight is the more sustainable light source to exploit since it is free and holds

the full spectrum of light. However, sunlight is characterized by seasonal varia-

tion and daily weather conditions; therefore, it represents a variable difficult

to control. Notwithstanding, solar-drive photo-oxygenation is the key towards

a cost-effective and sustainable process able to overcome the drawbacks of

activate sludge processes (Posadas et al., 2017).

Light intensity can also affect bacterial activity. In particular, nitrifiers can

be inhibited by light and Nitrite Oxidizing Bacteria (NOB) are more sensitive

than Ammonium Oxidizing Bacteria (AOB) (González-Fernández et al., 2011).

Vergara et al. (2016) reported photoinhibition of nitrifiers with irradiance above

500µmol m−2 s−1. The result was a decrease of more than 20% in ammonium re-

moval rates and nitrate production rates. Therefore, particular attention should
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be made when exploiting sunlight especially during peak hours when light

intensity may reach 2000-3000 µmol m−2 s−1 (Vergara et al., 2016).

2.4.3 Dissolved Oxygen (DO)

The dissolved oxygen (DO) inside the system is the result of photosynthetic

oxygenation, and oxygen consumption by biomass respiration and compounds

oxidation (i.e. biomass growth). In microalgal system, DO can reach super-

saturation level resulting detrimental (Richmond, 2004) and photorespiration

may occur (Kliphuis et al., 2011). However, bacteria oxygen consumption may

prevent oxygen saturation condition.

2.4.4 pH

pH depends on metabolic activities of the microorganisms, alkalinity and

ionic composition of the influent wastewater (Posadas et al., 2017).

pH fluctuations can inhibit both microalgae and bacteria activity. Microalgae

are able to tolerate high pH variations (Razzak et al., 2013), with an optimal

value of 8 for the great part of the studied species (Barsanti and Gualtieri, 2014).

Most of bacteria do well within pH range from 6.5 to 8.5. Nitrifiers are more sen-

sitive to pH and the optimum value is in neutral and slightly alkaline conditions

(Le et al., 2019).

The processes that mainly impact pH are photosynthesis and nitrification. Dur-

ing light period, microalgae perform photosynthesis and thus CO2 is assimilated

and OH− are released, as a consequence pH tends to increase. At the same time,

bacteria respiration and oxidation of substrate produce CO2 that may attenuate

the pH increase.

Nitrification, in particular ammonium oxidation, release H+ reducing the al-

kalinity, so the pH tends to decrease. The co-occurrence of photosynthesis

and nitrification may be sufficient to balance pH variation and make it stable

around neutrality. Alternatively, CO2 can be added as external flux (i.e. flue gas)

to help to control the pH since this parameter can reach values of up to 11 if

CO2 fixation through photosynthesis is not counterbalanced (Posadas et al.,
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Figure 2.3 Ammonia, Carbonates and Phosphate equilibria in solution
at the temperature of 25◦C
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2014).

In dark condition there is not photosynthetic activity therefore, microalgal

respiration together with bacterial respiration tend to decrease pH, since CO2

is only released. At the same time, if anoxic condition occurs, denitrification

may take place and part of the alkalinity destroyed during nitrification may be

recovered. The alkalinity of the influent wastewater is fundamental to avoid

great pH fluctuation.

pH determines the equilibrium of ammonium/ammonia, phosphates and

carbonates (Figure 2.3). High pH induces the removal of N and P through

ammonium volatilization and phosphorus precipitation. On the other hand,

at high pH, CO2 is available in the form of CO2−
3 and cannot be assimilated by

microalgae (Solimeno and García, 2017).

High pH value may also affect settleability by causing auto-flocculation (Barros

et al., 2015).

2.4.5 Mixing

Ensure good mixing condition in microalgal-bacterial based processes is

important for the following reasons :

- To enhance the aggregation of the biomass. However, strong mixing could

result in cell damage and shear stress (Quijano et al., 2017; Posadas et al.,

2017);

- To prevent the biomass to settle and the formation of nutrient and gas

gradients in the mixed liquor (Posadas et al., 2017);

- To promote the exposition of all microalgae to light. In this way, microal-

gae alternate light and dark conditions (Posadas et al., 2017);

- To increase mass transfer rates between biomass, liquid phase and air

(Posadas et al., 2017).

In open systems the mixing is usually provided by a paddle wheel, while in

closed system it can be supported by mixers or mechanical aeration (Ting et al.,

2017). Sometimes air enriched in CO2 is supplied to support photosynthesis,
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generating also mixing (Ting et al., 2017; Vo et al., 2019).

2.4.6 Hydraulic Retention Time (HRT) and Sludge Retention

Time (SRT)

The HRT regulates the contact time between the biomass and the com-

pounds to remove. If the process does not include a settling phase and recir-

culation of biomass, the HRT corresponds also to the Sludge Retention Time

(SRT). This is common in system designed for microalgal cultivation (i.e. open

systems).

Uncoupling HRT and SRT enables to retain the biomass in the system for a

longer period. In this way, slow growing microorganisms, as nitrifiers (µm =0.45

d−1, Ekama and Wentzel, 2008), have the possibility to develop and remain

inside the system. SRT affects biomass production and control the biomass

concentration inside the system, influencing light availability and penetration.

In addition, SRT plays a role in the formation and selection of flocs with good

settleability thanks to biomass recirculation (Valigore et al., 2012). With high

SRT, inert solids are retained inside the system and this may influence light

penetration.

Usually photobioreactors are operated at HRT between 2 and 6 days (Muñoz

and Guieysse, 2006). Therefore, large areas are required with respect to activated

sludge systems that operate at lower HRTs. To reduce the high footprint, it is

necessary to understand how to control microalgal-bacterial systems in order

to guarantee high removal efficiency with lower HRTs. However, with shorter

HRTs, it is important to avoid biomass wash out.

Different SRTs have been applied to microalgal-bacterial system, but few studies

have focused on the effect of this parameter.

Considering the central role of HRT and SRT on defining removal rates,

biomass composition and productivity, further investigations are need because

there is still a lack of information.
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2.5 Microalgal-bacterial reactor configurations

Since this research is not focused on the development or design of suitable

reactor configurations for wastewater treatment, a briefly overview is provided.

Systems operated with microalgae are called photobioreactors. Biomass can

be suspended in the mixed liquor or attached (biofilm). The main distinction is

between open and closed systems.

A schematic comparison of the most tested reactor configurations for wastewa-

ter treatment is made in Table 2.4.

Currently, the reactor configurations tested with microalgae and bacteria

to treat wastewater were developed firstly with the aim to cultivate microalgae

(Ting et al., 2017).

Unfortunately, the few systems specifically proposed to treat wastewater are

at lab-scale. For example, the research group of University of Valladolid (de

Godos et al., 2014) has been studying a novel anoxic-aerobic algal-bacterial

photobioreactor with biomass recycling (to uncoupling HRT and SRT) with a

total working volume of about 3.5 L.

Schemes conventional in activated sludge process but based on photosyn-

thetic oxygenation, require a proper design of the treatment unit to effectively

exploit light. In fact, the optimization of light supply (high surface/volume ratio)

and mixing should be the key elements to take into account in photobioreactor

design while applying the concept of sustainable development.

Open reactors are the most used due to low cost of investment and main-

tenance. In addition, they are easy to scale up (Cai et al., 2013). The most

widespread reactors used for wastewater treatment are High Rate Algae Ponds

(HRAPs)(de Jesús Martínez-Roldán and Ibarra-Berumen, 2019). Other open

systems less efficient are waste stabilization ponds and raceway ponds.

Even if there are few examples of HRAPs tested for wastewater treatment at real

scale (De Godos et al., 2016 ), to date, there is still a lack of long-term studies for

providing proper design and operational guidelines (Alcántara et al., 2015).
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Closed photobioreactors can be divided according to reactor geometry (e.g.

vertical columns, tubular, flat), of which tubular shape is the most commonly

implemented. They are characterized by a higher light harvesting and efficient

control of operational conditions compared to HRAPs. However, the costs of

investment and maintenance are higher (Table 2.4).

Pros Cons

HRAPs
Low installation,
operational and
maintenance cost

- High land requirements
- Low light photosynthetic

efficiency
- Evaporation loss
- Poor gas transfer

Closed photo-
bioreactors

- Easier parameter control
(pH, DO, irradiation)

High construction and
operational costs

- Easier CO2 supply
- High surface/volume ratio

Table 2.4 Main advantages and disadvantages of HRAPs and Closed
photobioreactors

2.6 Technologies for studing microalgal-bacterial

consortia

Microalgal-bacterial consortia can be characterized in different ways. Here,

some technologies applied to study the performance of the treatment removal

and the biological characterization of the consortia are discussed (Table 2.5).

Removal treatment performance Biological characterization
Chemical analysis Microscopy

On-line parameters Flow cytometry
Track studies Omics technology
Respirometry

Table 2.5 Technologies applied to study the performance of the
treatment removal and the biological characterization of microalgal-
bacterial consortia for wastewater treatment.
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Chemical analysis is the first method applied to monitor the treatment re-

moval by measuring the influent and effluent concentration of the compounds

to be removed; mainly organic matter, nitrogen- and phosphorus-forms. Or-

ganic matter can be quantified as biological oxygen demand (BOD), chemical

oxygen demand (COD) and total carbon content (TOC). The most used param-

eter is COD so it is easy to compare results from different authors.

Chemical analyses can be exploited to monitor the removal or production of

a compound during the treatment process (e.g. Wang et al., 2015; Tiron et al.,

2015). However, they are time-consuming and do not guarantee real-time infor-

mation.

For real-time monitoring, on-line analyzers are a valid alternative. The use

of sensors for the measurement of chemical parameters as ammonium, nitrate

and phosphorous, is not so common because of high costs and maintenance

level (i.e. frequent calibration), while probes that measure indirect parameters

have been use more frequently, thanks to their lower price and reliability. In

particular, DO and pH meters are the most used as monitoring tools (Su et al.,

2011; Karya et al., 2013; Tiron et al., 2015; Wang et al., 2015; Acien et al., 2016;

Van den Hende et al., 2017).

The advantage of on-line probes is that the obtained data could be used as a

means to control and modified the process but until now, these parameters

have been largely overlooked.

Chemical analysis are also useful to estimate removal or production rates of

compounds such as ammonium and nitrate, in short batch tests (in the order

of hours). The removal rate of a compound can be estimated from the slope of

the straight line that interpolates the measured concentrations of the consid-

ered compound over time. These tests are short and enable to retrieve useful

information. However, few examples are reported in the literature (e.g. Karya et

al., 2013). In this research work, this kind of test is called “track study”.

Respirometry is another useful technique to estimate the activity of microor-

ganisms (i.e. heterotrophic bacteria, nitrifiers and photosynthetic microorgan-

isms) through the measurement of oxygen production and consumption rate.
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In the literature, various respirometric apparatus have been tested, also in

combination with titrimetry (Choi et al., 2010; Decostere et al., 2013; Vargas

et al., 2016; Sforza et al., 2018). However, the different experimental protocols

developed are not always comparable.

Respirometry is valuable because it enables to estimate the kinetic parameters

to be used in mathematical models to predict the behavior of the consortia

(Rossi et al., 2020).

Biomass concentration is a parameter that has been estimated in many

different ways, such as (i) Content of suspended solids expressed as total or

volatile (TSS or VSS) (Su et al., 2011; Karya et al., 2013; Van den Hende et al.,

2017; Kang et al., 2018); (ii) Optical density (Cabanelas et a., 2013); (iii) Content

of chlorophyll (Kang et al., 2018); (iv) Cell counting (Peniuk et al., 2016). There-

fore, it is very difficult to compare the results from different experiments.

Biomass concentration is an essential parameter to refer to, both in the design

and operation of the process. To estimate the specific removal rate of a com-

pound or to model the process, biomass concentration is the basic parameter

to know. Therefore, it is of paramount importance that scientists agree on an

univocal parameter to express biomass concentration.

To quantify the abundance of different microorganisms, microscopy and flow

cytometry have been both applied following different standardize methods,

mainly developed for natural environments (Hyka et al., 2013; Perera et al.,

2019).

To understand the interactions that may occur inside microalgal-bacterial

consortia, the identification and the characterization of individual microorgan-

isms are critical. Traditional (microscopy) and innovative techniques have been

applied. In Table 2.6 and 2.7 the main advantages and disadvantages of the

tools applied more frequently are summarized.
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2.7 Research gaps
Microalgal-bacterial consortia for wastewater treatment have been studied

since the 1950s. Thanks to their versatile metabolism, microalgae and bacteria

have been applied for the treatment of most types of wastewaters (Ferreira

et al., 2019). Different types of reactors and configurations have been tested.

Most of the systems have been developed at lab- and pilot-scale and have

been usually operated under conditions far from the real ones. In most cases

the tests have been performed using synthetic or sterilized wastewater with

selected microalgal and/or bacterial strains. The few implementations at real

scale (mainly HRAPs) lack of long-term studies. Therefore, there is still a lack of

knowledge about treatment performance, design parameters and operational

guidelines.

Despite the successful implementations, at the moment, microalgal-bacterial-

based processes are not competitive with activated sludge, mainly because they

are characterized by high HRTs (in the order of days) and thus by high footprint.

Studies at a lab- and pilot-scale have demonstrated the potential of microalgal-

bacterial consortia in the removal of organic compounds, nitrogen and phos-

phorous. But, to become competitive, microalgal-bacterial based technology

should be optimize following the principles of sustainability and low-cost (i.e.

low-energy requirements and low costs for biomass recovery).

In view of the large-scale application of this technology, different authors

(Molinuevo-Salces et al., 2019; de Jesús Martínez-Roldán and Ibarra-Berumen,

2019) agree that there are still some challenges to overcome.

To engineer the process research should be focused on:

- Understand real wastewater characteristics effects;

- Assess the influence of operational and environmental conditions;

- Reduce the use of land;

- Valorize the produced biomass.

Microalgal-bacterial consortia treating wastewater have not yet been fully

characterized, therefore there is not a consolidated knowledge as for activated
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sludge. Their composition is still under research due to the huge possible com-

binations that can occur (naturally or engineered) (Gonçalves et al., 2019), so

the diversity of the consortia is still not well-known.

To date, studies exploring the microbial communities are limited, but thanks

to the advent of novel molecular biology methods, more information will be

retrieved about population dynamics and metabolic pathway availability. Un-

derstand the removal mechanisms is crucial to guarantee an effective treatment.

Definitively, through the “-Omics techniques”, it will be possible to gain deeper

insight into the interactions between microorganisms.

Considering the different applications of microalgal-bacterial consortia it is

urgent to develop standardized methods of investigation, in order to compare

the data obtained worldwide, especially about: (i) biomass concentration; (ii)

quantification of microalgae and bacteria; (iii) measure of the kinetic parame-

ters of the microorganisms (heterotrophic bacteria, nitrifiers and photosyn-

thetic microorganisms).

The definition of the above mentioned quantities is crucial in the development

and application of mathematical models. In the last years, some progresses

have been made specifically for models to describe the behavior of microalgal-

bacterial consortia treating wastewater (Solimeno and García, 2017). However,

there is still not a reliable model that could help to support the design and the

operation of the systems (Gonçalves et al., 2019). The kinetic parameters, which

have been used in the recently developed models, are not always representa-

tive of microalgal-bacterial consortia because they are retrieved from models

developed for microalgal cultivation or activated sludge.

Process parameters consolidated for activated sludge need to be redefined

in the microalgal-bacterial consortia; above all biomass concentration due to

the central role of light. Exploitation of photo-oxygenation as solely oxygen

source is the key aspect for a sustainable process. The most economic light

source is sunlight. However, it is a variable that can only be controlled to a

limited extent, since it is characterized by daily weather conditions and sea-

sonal variations. Therefore, it emerges the importance to perform outdoor
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experiments to understand the influence of sunlight and also of temperature.

The use of real wastewater is the conditio sine qua non to study the resilience

capacity and stability of microalgal-bacterial consortia under real operational

condition. Pollutant concentrations, turbidity, color, pH are the main character-

istics of the influent wastewater that may affects the treatment performance.

Once consolidated the knowledge about the optimal operational parame-

ters to obtain the maximum removal rates, it would be possible to reduce the

HRT of the system while maintaining high removal efficiency. In this way, the

land-use would be lowered and microalgal-bacterial consortia would result

more competitive against activated sludge. While, the identification of proper

biomass valorization pathways would increase the sustainability of the process.

Finally, to evaluate the applicability of microalgal-bacterial consortia to the

treatment of wastewater, the presence of possible drawbacks should be consid-

ered. Ones of the major drawbacks to take into account are the emissions in the

atmosphere of N2O and the release of cyanotoxins in the effluent wastewater.
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2.8 Objectives

This research work aims to gain insight into wastewater born microalgal-

bacterial consortia as an alternative solution to activated sludge in the sec-

ondary and tertiary treatment, for the removal of organic compounds and

nutrients from municipal wastewater without the support of mechanical aera-

tion.

Following the discussion on the research gaps (Section 2.7), the main objec-

tives of the thesis are:

(i) to understand microalgal-bacterial dynamics, which microorganisms

develop and persist in the systems, their evolution and their interactions;

(ii) to understand the removal mechanisms involved, which is the role of

microalgae and bacteria in the treatment;

(iii) to investigate the influence of biomass concentration and sunlight, since

they are crucial operating parameters that may affect the wastewater

treatment;

(iv) to provide methods of investigation that can be applied to any possible

declination of microalgal-bacterial consortia.

To reach the objectives and contribute to increase the knowledge on these

processes under real operational conditions (in view of the full-scale treatment),

all the experiments were conducted using real municipal wastewater collected

after primary sedimentation at the wastewater treatment plant of Trento Nord

(Trento, Italy). The use of real wastewater led to the development of native

microalgal-bacterial consortia.

Due to the lack of knowledge at real-scale, this research work focused on

investigations at lab scale. Closed photobioreactors, with a maximum working

volume of 2 L, were installed and operated as sequencing-batch reactors. Each

cycle was characterized by different phases (feed, react, settle and discharge)

and a photoperiod.

The reactors were employed to examine the start-up of the consortia, that is
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the development of microalgae and bacteria; then the stability of the process

was assessed in the long term. In this phase, many aspects were investigated to

shed light on the relationships between system variables and design parame-

ters.

Finally, the limits of the microalgal-bacterial consortia were explored in order

to optimize the process.

Part of the work was also dedicated to extend advanced methods of investiga-

tion (respirometry and flow cytometry), used in activated sludge, to characterize

removal rate of microalgal-bacterial consortia and their composition.

The aim is to help to lay the foundation to apply a methodological research

approach in the study of microalgal-bacterial consortia for wastewater treat-

ment and thus scale-up this promising technology.

The research questions addressed are summarized below.

RESEARCH QUESTIONS Chapter
Is microalgal inoculation essential to start-up a system? 3-4-5
Is the removal process stable over time? 6
How to promote nitrogen removal? 7
How to monitor the evolution of the removal process? 8
How far to push the system? 9
What is the influence of biomass concentration on the process? 10
Which are the kinetics of the removal process? 11
How to characterize biomass composition in a time effective way? 12
Is the microbial community stable over time? 13
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The role of the initial microalgal inoculation on the start-up of photobioreactors was

investigated. Pollutant removal efficiency, sludge production and solids settleability

were evaluated (This Chapter). Microbial community composition and evolution were

monitored through next generation sequencing (Chapter 4) and flow cytometry (Chap-

ter 5).

It emerged that the initial inoculation did not affect in the long-term the system perfor-

mance; moreover, photosynthetic microorganisms were able to grow spontaneously.

This Chapter is based on:

Petrini S., Foladori P., Beghini F., Armanini F., Segata N., Andreottola G., 2020. How inoc-

ulation affects the development and the performances of microalgal-bacterial consortia

treating real municipal wastewater. Journal of Environmental Management 263, 110427.

https://doi.org/10.1016/j.jenvman.2020.110427
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Abstract

To date, little is known about the start-up of photobioreactors and the progressive

development of stable microalgal-bacterial consortia with a view to the full-scale

treatment of real wastewater.

Two photo-sequencing bioreactors, one inoculated with Chlorella vulgaris (RC) and

one with the absence of inoculum (RW), were fed with real municipal wastewater

and run in parallel for 101 days. The influence of the inoculation was evaluated in

terms of pollutant removal efficiency, excess sludge production, solids settleability and

microbial community characteristics.

No significant differences were observed in the removal of COD (89±4%; 88±3%) and

ammonium (99±1%; 99±1%), mainly associated with bacteria activity. During the first

weeks of acclimation, Chlorella vulgaris in RC promoted better P removal and very

high variations of DO and pH. Conversely, under steady-state conditions, no significant

differences were observed between the performances of RC and RW, showing good

settleability and low effluent solids, 7±8 and 13±10 mg TSS/L respectively. Microbiome

analysis via 16S rRNA gene sequencing showed that, despite a different evolution, the

microbial community was quite similar in both reactors under steady state conditions.

Overall, the results suggested that the inoculation of microalgae is not essential to

engender a photobioreactor aimed at treating real municipal wastewater.

3.1 Introduction

Advanced photobioreactors based on microalgae have received closer scien-

tific attention in recent years due to factors such as energy demand reduction

and biomass resource recovery (Wang et al., 2018). In the treatment of wastewa-

ter, photosynthetic aeration produced by microalgae and cyanobacteria may

in the future replace the mechanical aeration that causes, for intensive energy

consumption, up to 50% of the operational costs of wastewater treatment plants

(WWTPs).

The association between microalgae and bacteria appears to be a powerful al-

ternative for wastewater treatment (Arcila and Buitrón, 2017), considering that:

(1) microalgae produce oxygen; (2) nitrifying bacteria use oxygen for the oxida-
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tion of ammonium; (3) heterotrophic bacteria use oxygen for organic matter

removal, generating CO2; (4) microalgae use CO2 for photosynthesis, preventing

excessive variation of pH; (5) microalgae can grow under mixotrophic condi-

tions, contributing to the removal of organic matter in wastewater (Gupta et al.,

2016).

Several studies in the literature have focused on the application of single mi-

croalgal species or monocultures for wastewater treatment (Cuellar-Bermudez

et al., 2017). Most of them refer to inoculation with pure algal strains and feeding

of synthetic or sterilized wastewater (Cuellar-Bermudez et al., 2017). However,

when real municipal wastewater is used as influent substrate, systems based

only on pure microalgae (axenic conditions) are difficult to maintain perma-

nently (Xu et al., 2009); indeed, unsterilized wastewater inevitably contains

a variety of different microorganisms (He et al., 2013; Saunders et al., 2016).

Moreover, in photobioreactors, culture contamination cannot be avoided be-

cause of huge costs of sterilization (He et al., 2013) and possible entrance of

air in outdoor conditions or scaled-up systems (Cuellar-Bermudez et al., 2017).

Hence, bacterial and microalgal cells grow simultaneously in the reactor (Kang

et al., 2018) and the initial inoculation with pure microalgae may not persist in

the system.

On the other hand, a large body of research has demonstrated that microalgal-

bacterial consortia can naturally develop from real wastewater (He et al., 2013;

Arango et al., 2016; Tsioptsias et al., 2016; Cho et al., 2017; Kang et al., 2018).

In this way the difficulties of inoculating large volumes with pure strains are

overcome, and the costs associated with sterilization are avoided (He et al.,

2013).

To date, only a few studies have investigated the role of different inoculation ra-

tios and their fate in photobioreactors (Su et al., 2012; Arango et al., 2016; Sun L.

et al., 2019). Further research is needed on how the unsterilized conditions may

affect the initial inoculation, its development, and the final wastewater treat-

ment performances of the microalgal-bacterial consortium. Moreover, little is

known about the evolution of the microalgal-bacterial consortium composition

and its dynamics during acclimation (García et al., 2018).
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The main objective of this research was to evaluate the influence of inoculation

by comparing two photo-sequencing bioreactors (PSBRs) fed with the same

real municipal wastewater and run in parallel:

1) the first PSBR was initially inoculated with Chlorella vulgaris (henceforth

C. Vulgaris), a common microalga used in bioprocesses (Ryu et al., 2014),

and then fed with wastewater;

2) the second PSBR was not inoculated with any pure strains, but only fed

with wastewater.

The two PSBRs were compared during the entire acclimation period until steady-

state conditions were reached. Full monitoring was performed during this

period, with the aim of evaluating pollutant removal efficiency, excess sludge

production, solids settleability and microbial community characteristics. The

purpose of the comparison was to evaluate if the inoculum is essential or if only

wastewater is sufficient to start up a system, since inoculation on a large scale

is not (economically) feasible.

3.2 Materials and Methods

3.2.1 Experimental set-up

Reactors RC and RW - Two identical PSBRs, reactors RC and RW, were in-

stalled (Figure 3.1). The reactors consisted of transparent Pyrex glass cylinders

(12 cm diameter; 20 cm height) with a working volume of 1.5 L. The systems were

not sealed from the atmosphere. No forced aeration was provided. Mechanical

stirrers set at 50 rpm provided gentle mixing and promoted microorganism

aggregation (Sutherland et al., 2014). The reactors were operated at room tem-

perature (average temperature was 24.8±2.0 ◦C in RC and 24.0±2.0 ◦C in RW).

Illumination - The reactors, never exposed to sunlight, were continuously il-

luminated by a fluorescent lamp (F30W/33, General Electric, UK) placed on one

side of the reactors. No dark phase was provided in order to promote microalgal

growth. The light intensity at the inner wall of the reactors, in the most exposed
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part, was 45 µmol m−2 s−1. A SQ-520 quantum sensor (Apogee Instruments,

USA) was used to measure light intensity as photosynthetically active radiation

(PAR).

Microalgal inoculation in RC and RW - Only RC was initially inoculated with

C. vulgaris, while RW was started without an external inoculum.

Periodic feeding and discharge - Except for the first week of acclimation with-

out feeding, both reactors were fed 3 times per week (on Monday, Wednesday

and Friday) with the same load of municipal wastewater. The volumetric ex-

change ratio was 50% (0.75 L), resulting in an average hydraulic retention time

in the range of 4-4.7 days. At the end of the cycle, before discharge, solids were

separated in a 1-hour-sedimenation phase that favored the natural selection of

settleable microalgal-bacteria flocs.

3.2.2 Microalgal strain used for inoculation

C. vulgaris was used as microalgal inoculum only in RC. C. vulgaris was

chosen because it has been widely studied in regard to microalgal-based wa-

stewater treatment (He et al., 2013; Ryu et al. 2014; Gonçalves et al., 2016).

Pre-inoculum growth was conducted in Algae Broth medium modified by Allen

(1952); the culture was then settled, collected and used as inoculum in RC.

Mechanical

stirrer

Fluorescent

lamp

DO, pH meters

RC RW

Wastewater

t=0 days

Inoculation with 

Chlorella V.

Influent municipal

wastewater fed in 

batch mode 3 times 

per week 

Effluent Wastewater

Figure 3.1 Scheme of the experimental apparatus. At the beginning (t=0
days) RC was inoculated with C. vulgaris, while RW was not inoculated.
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3.2.3 Influent municipal wastewater

Municipal wastewater was used to feed both reactors during the experimen-

tal period. Wastewater was collected after the primary sedimentation of the

Trento Nord WWTP (Italy). The composition of the influent pre-settled waste-

water (Table 3.1) was in accordance with typical values expected for this type of

wastewater (Tchobanoglous et al., 2003). Since no filtration of the wastewater

was performed, the microorganisms naturally present in wastewater entered

the reactors and affected the population dynamics.

3.2.4 Sampling frequency

The experiment lasted 101 days, in order to include the acclimation period

in its entirety and to observe steady-state conditions for several weeks.

The treatment performances were monitored by collecting samples of influent

and effluent wastewater 2-3 times per week. After collection, samples were

immediately transferred to the lab for the chemical analyses.

The evolution of biomass settleability and microbial community was investi-

gated by collecting the mixed liquors in the reactors every 10 days in the first 60

days of experimentation and then every 21 days. For the microbial community

analysis, samples were stored at -80◦C in the dark, and then they were processed

all together at the end of the sampling campaign.

3.2.5 Analytical methods

Total Chemical Oxygen Demand (COD), soluble COD (sCOD), Total Sus-

pended Solid (TSS), Total Kjeldahl Nitrogen (TKN), NH+
4 -N, NO−

2 -N, NO−
3 -N,

total P and PO3−
4 -P were analyzed in influent and effluent wastewater according

to Standard Methods (APHA, 2012). The parameter sCOD was measured after

filtration of the sample on 0.45-µm membrane.

To evaluate settleability, the mixed liquors in RC and RW were settled for 60

minutes in Imhoff cones. Solids concentration in the reactors was quantified as

TSS.
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Dissolved Oxygen (DO) and pH were recorded every 15 min in both reactors.

DO and temperature were measured with OXI340i meters coupled with the

sensor CellOx®325 (WTW, Germany). The parameter pH was measured with a

pH340i meter and a pH3310 meter, all coupled with the electrode Sentix®41

(WTW, Germany).

3.2.6 Microscopy

Microscopic observations were performed using a Nikon Optiphot EFD-3

Microscope (Nikon, Japan). The floc structure of biomass in RC and RW was

observed under bright-field microscopy.

3.2.7 Microbial community analysis

The microbial communities in RC and RW were investigated in depth by

means of 16S rRNA gene high-throughput sequencing. DNA was extracted using

DNeasy® PowerSoil® Kit (Qiagen, German) with a modified protocol. For all

samples, 1 ml of mixed liquor was transferred to the PowerBead and processed

according to QIAGEN DNeasy® PowerSoil® Kit instructions, except that the

collection tube was centrifuged for 2 minutes, 1 minute and 1 minute after

adding Solution C3, C5 and C6, respectively.

Library preparation followed the procedure described by the “Illumina 16S

metagenomicc Sequencing library preparation” protocol using the V3-V4 primers

(Klindworth et al., 2013) and the Nextera XT Set A indexes (Illumina San Diego).

16S rRNA reads analysis was carried out using QIIME version 1.9.1 (Capo-

raso et al., 2010). Reads were merged with PANDAseq (Masella et al., 2012)

using default parameters and then de-multiplexed with split_libraries_fastq.py.

Open reference Operational Taxonomic Unit (OTU) picking was performed with

pick_open_reference_otus.py using UCLUST (Edgar, 2010) with a 97% sequence

similarity. OTUs with less than 10 reads were discarded. Taxonomy was assigned

using SILVA 132 (Pruesse et al., 2007) as reference database. Relative abundances

were extracted from the results of summarize_taxa_through_plots.py.
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3.2.8 Statistical analysis

Statistical analyses (means and standard errors) were performed using Mi-

crosoft Excel. The statistical significance was determined by a Student’s t-test

and set at P<0.05.

3.3 Results and Discussion

3.3.1 How the inoculum affects the treatment performance

COD removal

During the entire experimentation, the removal efficiency of COD was very high

in both reactors despite the wide fluctuations of the influent concentrations

(Figure 3.2).

Except for the first week of acclimation, the average COD removal was 89±5%

in RC and 89±7% in RW. The profiles of effluent sCOD were comparable in the

two reactors throughout the experimentation (Figure 3.2). Under steady-state

conditions, the average values of the effluent sCOD were 25±9 mg sCOD/L in RC

and 22±5 mg sCOD/L in RW (not significantly different, P>0.05) as summarized

in Table 3.1.

Since the systems exhibited similar COD removal from the beginning, it can

be concluded that the inoculum of C. vulgaris did not significantly affect the

COD removal performance. This result matches the finding of Su et al. (2012),

who reported similar COD removals (between 91±2% and 96±1%) in reactors

inoculated with different ratios of microalgae and activated sludge treating

municipal wastewater. A similar result was reported by García et al. (2018),

who found that the microalgae did not influence the Total Organic Carbon

removal efficiency in the treatment of piggery wastewater. This can be explained

by considering the autotrophic growth of Chlorella spp., which does not use

organic matter under light conditions. Therefore, the removal of organic matter

was mainly due to bacteria, whilst C. vulgaris played a negligible role in this

process (Molinuevo-Salces et al., 2010; Lee et al., 2015).
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Figure 3.2 Influent and effluent concentrations of COD, N forms and P
forms in RC (with C. vulgaris inoculum) and RW (without inoculum) vs.
time.

N forms removal

Nitrogen forms in the effluents (NH+
4 -N, NO−

2 -N, NO−
3 -N) are presented in Fig-

ure 3.2. In both reactors, the evolution over time of N forms can be described

as a sequence of three phases: (1) start-up, during the first week of acclimation;

(2) partial nitrification, which lasted 30 days and formed a temporary accumu-

lation of nitrites; and (3) full nitrification, which took place when steady state

conditions were reached.
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About RC, inoculated with C. vulgaris, the removal of NH+
4 during the start-up

(the first 7 days of acclimation) was due to the growth of C. vulgaris and ammo-

nia stripping caused by the significant pH increase during the photosynthetic

activity (Cai et al., 2013; Figure 3.3). Bacterial nitrification played a minor role

as demonstrated by the small effluent nitrites (6.1 mg NO−
2 -N /L) and nitrates

(1.7 mg NO−
3 -N/L) after the first 7 days. Subsequently, from day 7 to day 30,

a partial nitrification took place in RC, demonstrated by incomplete removal

of NH+
4 and high concentration of NO−

2 (20 mg NO−
2 -N /L) in the RC effluent,

while NO−
3 increased progressively from 0 to 30 mg NO−

3 -N/L. The presence

of nitrites in the effluent indicates that NOB (Nitrite Oxidizing Bacteria) grow

more slowly than AOB (Ammonia Oxidizing Bacteria). The lower kinetic of NOB

during the period of acclimation was the consequence of certain environmental

factors that temporarily affect NOB growth, such as strong variations in pH

and high alkaline values (see Section 3.3.2), free ammonia and nitrous acid

(Anthonisen et al., 1976) or dissolved oxygen (Blackburne et al., 2008). Full

nitrification was achieved after day 30, leading to the complete removal of NH+
4 .

Under steady-state conditions in RC, the average effluent concentrations were

0.4±0.3 mg NH+
4 -N/L, negligible NO−

2 and 26.0±3.6 mg NO−
3 -N/L (Table 3.1).

Removal efficiency of NH+
4 was 99±1% on average.

In RW, the evolution of N forms was very similar to RC. During steady-state con-

ditions in RW, the effluent concentrations were 0.4±0.4 mg NH+
4 -N/L, 23.7±5.3

mg NO−
3 -N/L and negligible NO−

2 (Table 3.1). However, an important difference

between RC and RW occurred during the acclimation period, when a faster es-

tablishment of bacterial nitrification was observed in RW, which was completed

after just 25 days. The finding that complete and stable nitrification is more

rapid in RW than in RC may be associated with the moderate pH variations in

RW. As shown in Figure 3.3, while the pH in RW did not exceed 9, the pH in RC

occasionally reached 10 due to the more intensive photosynthesis generated

by C. vulgaris. Such high values of pH, as occurred in RC, created a selective

pressure on bacteria (Krustok et al., 2015), while C. vulgaris was able to grow

effectively at alkaline pH around 10 (Khalil et al., 2010). Furthermore, the pres-

ence of C. vulgaris in RC may have delayed the development of full nitrification
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(Choi et al., 2010). Conversely, in RW, without an initial algal inoculum, microal-

gae needed more time to grow, and nitrifying bacteria growth was uninhibited

from the beginning.

P removal

The profiles of P forms in RC and RW are compared in Figure 3.2. During the

first 60 days of acclimation, a much higher removal of PO3−
4 was observed in

RC: it was 66±30% with respect to 3±6% in RW. In fact, RC produced an effluent

concentration of 0.8±0.8 mg PO3−
4 -P/L in comparison to 2.8±0.8 mg PO3−

4 -P/L

in RW (Figure 3.2). It was very clear that the inoculum of C. vulgaris in RC

contributed to considerably improving the P removal. According to Iasimone

et al. (2018), the larger removal of phosphates occurring in RC may be due to

microalgae uptake and chemical precipitation favored by pH, which may rise

towards 10 (see Section 3.3.2). Another reason may be the luxury uptake of

phosphorus in microalgae able to absorb more phosphorus than is necessary

(Eixler et al., 2006; Powell et al., 2009).

Conversely, in RW the concentration of PO3−
4 in the effluent (3.1±0.7 mg PO3−

4 -

P/L) was essentially comparable with that in the influent (2.9±1.2 mg PO3−
4 -P/L),

without significant variations of this behavior during the whole experimenta-

tion (Figure 3.2), denoting negligible removal of PO3−
4 . Furthermore, the pH in

RW was not high enough to promote P precipitation (see Section 3.3.2).

As soon as the pH in RC stabilized around 7.5 (after 60 days of operation), PO3−
4

in the effluent increased and removal efficiency decreased from 66±30% to

7±14%. This may also be associated with a change from C. vulgaris to other

types of photosynthetic microorganisms in the RC, remarkably less performant

in P removal.

In summary, the inoculum of C. vulgaris was able to favor the P removal in RC for

the first 60 days, while subsequently, the progressive loss of C. vulgaris and the

changes in microalgal composition caused a worsening in P removal efficiency

that became similar between RC and RW under steady-state conditions.

TSS removal

Strong variations in the concentration of TSS in the effluents occurred in RC
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and RW during the experimental period. During the first 30 days of acclimation

there were high TSS concentrations in the effluents, while in the subsequent

period the floc structure changed in both reactors and the TSS concentration

became very good under steady-state conditions (t > 60 days), reaching average

values of 7±8 mg/L and 13±10 mg/L in RC and RW, respectively.

The use of pure Chlorella or other pure strains is often associated in the litera-

ture with difficult sedimentation and separation problems (Christenson and

Sims, 2011). Conversely, the development of a mixed microalgal and bacteria

consortium can ensure a good separation and low solids in the effluents (Su et

al., 2011).
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3.3.2 How the inoculum affects the on-line operational

parameters

Just after the first 2 days of acclimation DO rose to 8 mg O2/L in both

systems (Figure 3.3) due to the progressive development of photosynthesis. In

RC, C. vulgaris well adapted to municipal wastewater leading to an intensive

production of oxygen and no lag phase was observed (Iasimone et al., 2018).

Since no inoculation with C. vulgaris was performed in RW, it was speculated

that the small amount of microalgae naturally present in the influent municipal

wastewater was able to grow in the PSBR.

DO and pH profiles in microalgal-bacterial consortia appear very complex

because the profiles induced by photosynthetic microorganisms overlap with

those produced by the bacterial processes: for example, oxygen is consumed by

bacteria but simultaneously produced by photosynthesis.

In depth consideration of the profiles of DO and pH in both reactors (Figure 3.3)

identifies the following details in each cycle (that is, between two subsequent

feeding phases):

i. the feeding, indicated by the vertical dotted lines in the graphs of Fig-

ure 3.3, generated an immediate consumption of DO that might drop to

zero, due to the huge demand of oxygen for the oxidation of biodegrad-

able COD and NH+
4 . Bacterial nitrification also caused the utilization of

alkalinity, which leads to a simultaneous decrease of pH;

ii. DO concentration remained close to zero until the complete removal

of external substrates and pH continued to decrease. This phase, called

“zero-DO” phase (Chapter 8), reveals that oxygen demand for heterotrophic

biodegradation and nitrification is higher than photosynthetic oxygen

production;

iii. when biodegradable COD and NH+
4 were completely depleted, DO was

no longer required and rose very rapidly. At the same time pH increased

due to the uptake of HCO−
3 by photosynthesis;

iv. the end-point of ammonium was thus identified on the basis of two

characteristic points: the flex in the DO curve called “DO breakpoint”
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and the simultaneous local minimum in the pH profile called “Ammonia

Valley” (see the zoomed-in plot in Figure 3.3). Together they suggest that

the nitrification is complete (Chapter 8).

On observing the DO profiles in both reactors during the entire experimentation

(Figure 3.3), a progressive decrease of the daily maximum DO concentration

was apparent, which was more evident in RC. At the end of the acclimation,

the “zero-DO” phases became longer, and the “Ammonia valley” was delayed

in both reactors due to: (1) increase of floc size and limited light penetration

(self-shading) that reduced the photosynthetic activity and oxygen production,

and (2) the slower nitrification rate due to limited oxygen availability.

In regard to pH, the daily variations were moderate in RW during the entire

period of acclimation, with values always between 7-8.5, except for the first

15 days. Conversely, pH variations were remarkably sharper in RC, especially

during the first 60 days of acclimation. The intense photosynthesis reactions

produced by the inoculum of C. vulgaris greatly affected the pH profile, leading

to rapid variations from 7 to over 9.5 in a few hours. Such high values of pH may

cause stripping of free ammonia and difficulties in adaptation of heterotrophic

bacteria involved in biodegradation. In the literature, Muñoz and Guieysse

(2006) indicated that microalgae can have a detrimental effect on bacterial

activity by increasing the pH. In agreement, also Choi et al. (2010) reported

that microalgae may inhibit bacterial growth by increasing the pH. High pH

values at the end of the cycles may have favored also phosphorus precipitation,

contributing to a very effective P removal in RC during the first 60 days of ac-

climation (see Section 3.3.1). However, after 60 days, pH in RC evolved toward

more stable and less fluctuating values. At the end of acclimation, RC matched

the profile of RW, with values in the 7-7.5 range in both systems.

In conclusion, the inoculum of C. vulgaris in RC produced highly fluctuating

profiles of DO and pH during acclimation. Conversely, when steady state condi-

tions were reached (t> 60 d), profiles in RC became more regular and similar to

the values observed in RW.

54



CHAPTER 3. PHOTOBIOREACTORS START-UP AND INITIAL MICROALGAL

INOCULATION: TREATMENT PERFORMANCE

A

67891
0

02468

1
0

1
2

1
4

pH [-]

DO [mg/L]

T
im

e
 [

d
]

7
0

7
3

A
m

m
o
n
ia

V
a
ll
e
y

D
O

 B
re

a
k

p
o
in

t

67891
0

02468

1
0

1
2

1
4

pH [-]

DO [mg/L]

T
im

e
 [

d
]

R
W

D
O

 s
at

u
ra

ti
o
n
 l

ev
el

D
O

p
H

D
is

ch
ar

g
e
+

F
ee

d
in

g

p
H

D
O

First Feed

0
7

1
4

2
1

2
8

3
5

4
2

4
9

5
6

6
3

7
0

7
7

8
4

9
1

67891
0

02468

1
0

1
2

1
4

pH[-]

DO[mg/L]

T
im

e
[d

]

7
0

7
3

A
m

m
o
n
ia

V
a
ll
e
y

D
O

 B
re

a
k

p
o
in

t

67891
0

02468

1
0

1
2

1
4

pH[-]

DO[mg/L]

T
im

e
[d

]

R
C

D
O

 s
at

u
ra

ti
o
n
 l

ev
el

D
O

p
H

D
is

ch
ar

g
e
+

F
ee

d
in

g

0
7

1
4

2
1

2
8

3
5

4
2

4
9

5
6

6
3

7
0

7
7

8
4

9
1

B

Figure 3.3 Evolution of DO and pH in (A) RC (with C. vulgaris inoculum)
and (B) RW (without inoculum) vs. time.
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3.3.3 How the inoculum affects the TSS production

During the acclimation period, the TSS concentration increased progres-

sively with time in both reactors (Figure 3.4). However, RC inoculated with

C. vulgaris exhibited TSS concentration always higher than RW. In particular,

TSS concentration in RC was often more than double that in RW: for example,

in the first 60 days the average concentration was 1.1±0.3 g TSS/L in RC and

0.5±0.1 g TSS/L in RW (significantly different, P<0.05). This suggested that the

initial inoculum with C. vulgaris might have promoted the biomass growth and

a larger initial fraction of microalgae might have favored the photosynthetic

productivity.

By contrast, García et al. (2018), on treating piggery wastewater, reported that

the highest biomass concentration was reached by the non-inoculated photo-

bioreactor. In particular, García et al. (2018) obtained biomass concentrations

of 2610±191, 2569±69 and 2445±222 mg TSS/L in the inoculated reactors and

3265±133 mg TSS/L in the reactor without inoculum. Further investigation is

needed to explain these different behaviors and the link with operational con-

ditions. With regard to the productivity rate (that is the slope of curves in Figure

3.4), a negligible rate was observed in the 30-60 days period in both reactors,
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Figure 3.4 TSS concentration in RC (with C. vulgaris inoculum) and RW
(without inoculum) vs. time.
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and TSS concentration remained quite constant in the systems. This behavior

was due to the loss of solids in the effluent caused by a progressive modification

in the microscopic structure of the flocs and the increased turbidity in the efflu-

ents (see Section 3.3.4). Conversely, after 60 days, the microscopic structure

transformed significantly and the solids leaving the systems decreased dras-

tically to 7±8 mgTSS/L and to 13±10 mgTSS/L in RC and RW respectively. An

effect of a lesser amount of solids leaving with the effluents was the enrichment

of TSS in the reactors in the subsequent period (Figure 3.4).

3.3.4 Evolution of floc formation and settleability

At the beginning of acclimation (7-17 days in Figure 3.5A), highly dispersed

suspensions were present in both reactors. In RC, the inoculated C. vulgaris

was dominant, while in RW only the microorganisms naturally present in waste-

water were dispersed in the suspension. Despite no inoculation of RW with mi-

croalgae, just after the first week a certain microalgal diversity (some Chlorella,

filamentous green microalgae, unicellular cyanobacteria, diatoms) was ob-

served under optical microscope.

With regard to settleability, the initial suspension rich in C. vulgaris in RC en-

tailed a low sedimentation capacity with only a small amount of settleable

solids and a bright green effluent (7-17 days in Figure 3.5B). As found by vari-

ous authors (Muñoz and Guieysse, 2006; Barros et al., 2015), small unicellular

microalgae species like Chlorella sp. have low flocculation capacity and thus

scant settleability. Arango et al. (2016) confirmed that reactors inoculated with

microalgae did not settle at all. In fact, microalgae remained in suspension in

the liquid with scant aggregation in flocs. As a consequence, the non-settleable

microorganisms in RC progressively left the reactor with the effluent wastewater.

This produces a selective pressure that favors the growth of flocculent microal-

gae and bacteria and promotes the formation of dense aggregates. Conversely,

microalgae spontaneously formed in RW were better retained in the consor-

tium, in agreement with the findings of Arango et al. (2016), who observed that

the microalgae developed in the reactor attached naturally to the flocs.
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After 30 days of acclimation, flocs formed in both reactors (Figure 3.5A). The

progressive enrichment of extracellular polymeric substances over time, which

took several weeks, may be at the origin of flocs formation (Su et al., 2011). In

this period, the effluent from RC reduced the green color and turbidity. Con-

versely, the effluent from RW altered to a very turbid dark brown and green

suspension (Figure 3.5B-Day 38).

After 80 days, flocs enriched in filamentous photosynthetic microorganisms (es-

pecially cyanobacteria) and the consortia evolved in both reactors in a granular

structure, stable under steady state conditions. Filamentous photosynthetic

microorganisms were the frame of the flocs where bacteria, diatoms and only

a few Chlorella were entrapped. In both reactors, the larger structure of gran-

ules, also more compact and denser, produced an improvement of biomass

settleability. Therefore, the effluents resulted clear in reactor RC and RW, with

low TSS concentrations. The final stable consortia were characterized by a high

microalgal diversity, difficult to be distinguished morphologically; where C.

vulgaris was only a minor group, whereas filamentous cyanobacteria predomi-

nated together with diatoms. These results were in agreement with García et

al. (2018), who confirmed the difficulty of maintaining monoalgal cultures in

wastewater treatment and observed that different concentrations of microalgae

in the inoculum only affected the time required to reach steady state, but not

the evolution to a complex microalgal-bacterial consortium.

In synthesis, despite different evolution of the two consortia, an efficient sed-

imentation was obtained in both cases after 2 months (under steady-state

conditions) due to granular flocs easy to be separated from the effluents. This

result was in agreement with Van den Hende et al. (2014), who observed good

sedimentation in microalgal-bacterial consortia developed without any inocu-

lum.

3.3.5 Evolution of the bacterial community composition

Figure 3.6 shows the relative abundance (> 1%) of bacterial species at phy-

lum level in the consortia RC and RW over time. The first sample was similar in
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Day
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100 µm

A) Microscopic structure of the bacterial-microalgal consortium B) Settling in the

Imhoff cone

Figure 3.5 Evolution of the consortia in RC (with C. vulgaris inoculum)
and RW (without inoculum: (A) flocculent and granular structure; (B)
settling observed after 60 min in the Imhoff cone.
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RC and RW, since the reactors were filled with the same wastewater except for

C. vulgaris, which are eukaryotic microalgae not revealed by 16s-rRNA.

Initially, the main phylum in both reactors was Proteobacteria (a common

population in activated sludge system; Zhang et al., 2012), but its proportion

progressively decreased with time. Cyanobacteria cells grew very quickly in RW:

after only 7 days of acclimation, 8% of bacteria were Cyanobacteria. By contrast,

RC needed approximately 30 days to develop almost 10% of Cyanobacteria.

During acclimation, the microbial diversity increased with time in both re-

actors. Although the modifications of the microbial composition differed in

the two reactors, the last samples comprised similar dominant species except

for Chlamydiae and Hydrogenedentes, which were present only in RC, and

Deinococcus, present only in RW. In particular, under steady-state conditions

(t > 60 days), the predominant phyla were Proteobacteria (32±4% in RC and

29±2% in RW), commonly found in wastewater treatment, and Cyanobacteria

(19±7% in RC and 28±2% in RW), which replaced C. vulgaris in RC, in agree-

ment with the observations of consortia under microscope (see Section 3.3.3).

The phylum Bacteroidetes, associated with fecal contamination, progressively

reduced its relative abundance in both reactors, reaching 12±2% in RC and

10±4% in RW under steady state conditions.
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Figure 3.6 Community bar-plot analysis at phylum level (relative abun-
dance > 1%) in (A) RC (with C. vulgaris inoculum) and (B) RW (without
inoculum).
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3.4 Conclusion
The acclimation and steady-state conditions of two microalgal-bacterial

consortia developed with or without C. vulgaris inoculum were investigated in

detail. The main findings are summarized in what follows:

• Pollutant removal - COD and ammonium removals were mainly asso-

ciated with bacteria activity, so the inoculum of C. vulgaris played a

negligible role. Conversely, the inoculum with C. vulgaris improved P

removal significantly but only during the first period of acclimation when

C. vulgaris was dominant;

• DO and pH profiles - In the presence of C. vulgaris very high variations

of DO and pH were observed, while the variations became narrower and

profiles more stable when the consortia evolved towards granular flocs

under steady state conditions;

• Productivity and TSS concentration - They are higher in the reactor inocu-

lated with C. vulgaris due to the enhanced photosynthetic productivity;

• Settleability - Despite the different evolution of two consortia, good set-

tleability and low effluent solids were obtained in both reactors after 2

months, due to the formation of well-settleable granular flocs;

• Microbiology - Despite the different evolution of the microbiota, the com-

position of the consortia was quite similar in both reactors under steady

state conditions, with the dominance of filamentous photosynthetic mi-

croorganisms in the granular structure.

These results confirm that the inoculum with pure microalgae strains is not

necessary in photobioreactors aimed at treating real wastewater. In fact, no

significant differences were observed between the performances of the photo-

bioreactors with or without C. vulgaris inoculation. Moreover, the photosyn-

thetic microorganisms were able to grow spontaneously without inoculation,

reaching steady state conditions in a couple of months.
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This Chapter focuses on the influence of the initial microalgal inoculation on the

composition and evolution of the microbial community developed in the experiment

presented in Chapter 3.

16S rRNA gene sequencing and shotgun metagenomics revealed that the initial mi-

croalgal inoculation did not affect the long-term bacterial community composition. In

addition, new environmental species associated to microalgal-bacterial consortia were

discovered.
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ence of Chlorella vulgaris inoculation on the microbiota evolution of photobioreactors

treating real municipal wastewater. In preparation
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Abstract

Microalgal-bacterial consortia have been regarded as a promising alternative for

wastewater treatment. However, the role of initial microalgal inoculation is still poorly

understood.

In this study, two identical photobioreactors, one inoculated with Chlorella vulgaris

and the other without inoculum, were fed with real municipal wastewater and run in

parallel until steady-state conditions were reached. Biochemical analyses were coupled

with next generation sequencing (NGS) to understand the role of initial algal inocula-

tion on the treatment performance and microbiota evolution.

Chemical oxygen demand and ammonium removal (93% and 99%, respectively) were

associated to bacterial activity. Inoculum of Chlorella vulgaris initially delayed the

development of full nitrification. NGS data revealed that the initial inoculation of

Chlorella vulgaris did not affect the long-term bacterial community evolution. De-

spite the initial differences, the microbiota of both reactors shifted from the one of

the influent wastewater towards a similar community, suggesting an adaptation to the

operational conditions.

Collectively, our results show that the initial algal inoculation is not necessary in photo-

bioreactors aimed at treating real wastewater, because microalgal-bacterial consortium

can developed spontaneously from the resident-wastewater microorganisms. In view of

the full-scale application, this means avoiding high sterilization cost of the wastewater

and expensive initial algal inoculation.

4.1 Introduction

The combination of microalgae ( both eukaryotic microalgae and prokary-

otic cyanobacteria) and bacteria has been regarded as a promising solution

for wastewater treatment, alternative to the conventional activated sludge (Ra-

manan et al., 2016; Arcila and Buitrón 2017; Wang et al., 2018). Microalgae and

bacteria symbiosis relies mainly on the oxygen and carbon dioxide exchanges.

In the presence of light, microalgae produce the oxygen through photosynthesis

to sustain bacterial activity. In return, bacteria produce carbon dioxide essential

for photosynthesis.
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Microalgal-bacterial consortia proved to be effective in the treatment of dif-

ferent types of wastewater (Wang Y. et al., 2016; Lee and Lei 2019), without

artificial aeration that represents up to 50% of the operational energy costs

of conventional wastewater treatment plants (WWTPs). In particular, closed

photobioreactors may represent a suitable implementation to compete against

expensive activated sludge reactors (Posadas et al., 2017).

Microalgal-bacterial consortia have been mainly tested in photobioreac-

tors at lab-scale treating synthetic or sterilized wastewater, with microalgal

inoculum in most cases (Cuellar-Bermudez et al., 2017). However, in view of the

full-scale application, real wastewater contains inevitably other microorgan-

isms (Saunders et al., 2016; Kang et al., 2018). Hence, inoculation of microalgae

does not guarantee their persistence in the system (Xu et al. 2009). Resident-

wastewater microorganisms cannot be avoided due to high sterilization costs.

In addition, inoculation is not (economically) feasible at large scale (He et al.

2013). On the other hand, microalgal-bacterial consortia can naturally develop

from real wastewater (He et al., 2013; Arango et al., 2016; Tsioptsias et al., 2016;

Cho et al., 2017; Kang et al., 2018).

To date, the role of the initial inoculation of microalgae on the wastewater

treatment performance and consortium development during acclimation is

still poorly understood (García et al., 2018; Higgins et al., 2018). In particular,

little is known about the bacterial community dynamics and the interactions

with the inoculated microalgae.

While some studies have investigated the role of different inoculation ratios in

the development of microalgal-bacterial consortia (Su et al., 2012; Arango et al.,

2016; Sun L. et al., 2019), comparative studies with consortia spontaneously de-

veloped from real wastewater are rare. In general, few studies have investigated

the evolution of microalgal-bacterial consortia and their composition through

DNA-based analyses (Mishra et al., 2019).

Within this framework, the aim of the study was to determine the role of the

initial inoculation of a microalgal strain (1) on the treatment performance and

(2) on the development of the microbiota (bacterial composition and diversity)
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in photobioreactors treating real municipal wastewater.

Two photobioreactors, fed with the same wastewater, were started-up and run

in parallel for 101 days. One reactor (RC) was inoculated with Chlorella vulgaris

(C. vulgaris), and the other (RW) was started without microalgal inoculum. C.

vulgaris was chosen as model microalgae since it has been widely tested (Safi

et al., 2014; Gonçalves et al., 2016). Pollutant removal efficiency and bacterial

community characteristics were monitored to assess the influence of the inocu-

lation during the acclimation period until steady-state conditions were reached.

Biochemical analyses were coupled with 16S rRNA gene sequencing. In addi-

tion, shotgun metagenomics was performed on targeted samples to provide an

in-depth evaluation of microalgal-bacterial consortia compositions.

Our study provides valuable information about the start-up of photobiore-

actors and the development of stable microalgal-bacterial consortia.

4.2 Materials and Methods

4.2.1 Experimental set-up

Two identical photobioreactors, named RW and RC, were operated in par-

allel as photo-sequencing batch reactors and fed with the same wastewater

(Figure 4.1). The reactors (12 cm diameter; 20 cm height; Colaver, Italy) had

a working volume of 1.5 L. Initially, the reactors were filled with wastewater

and only one was inoculated with C. vulgaris (RC). Except for the first week of

acclimation (without feeding), the reactors were fed 3 times per week (duration

of each cycle 2-3 days). Reactors were continuously illuminated by a fluores-

cent tube (F30W/33, General Electric, UK) that provided a light intensity of 45

µmol m−2 s−1 at the inner wall. Stirring was provided by mechanical stirrers

set at 50 rpm. The systems, not sealed from the atmosphere, were operated

at room temperature (24±2.0 ◦C). No external aeration was provided and pH

was not controlled. At the end of each cycle, effluents were discharged after

1-hour-sedimentation phase.
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4.2.2 Microalgal strain inoculated in RC

C. vulgaris culture was a gift of the researcher Giovanna Flaim (Edmund

Mach Foundation, Italy). Prior to inoculation, C. vulgaris was grown in Algae

Broth medium (modified by Allen, 1952). The culture was settled and used

as inoculum. The initial concentration of C. vulgaris inside RC was measured

through flow cytometry (A40 flow cytometer, Apogee Flow Systems, UK), as

described in Chapter 5, and resulted of 6.8·109cell/L.

4.2.3 Influent municipal wastewater

Real municipal wastewater after primary sedimentation (WW) was collected

in the Trento Nord WWTP. No filtration of wastewater was performed and

resident microorganisms entered the reactors. WW characterisation is reported

in Table S4.1.

4.2.4 Sampling

The reactors were run for 101 days to observe an acclimation phase and a

steady-state phase.

Samples of the microalgal-bacterial biomass were collected for DNA extraction

from the reactors at the beginning of the experiment (t=0 days, T0), after the

first week of acclimation (t=7 days, T7) and then at regular intervals (every

10 days until day 47 and then every 21 days) (Figure 4.1). WW samples were

collected every week (Figure 4.1). Samples were immediately stored at -80 ◦C

until further processing.

To monitor the treatment performance, samples of influent (WW) and effluent

wastewater were collected 2-3 times per week and immediately analyzed.

4.2.5 Analytical methods

Influent (WW) and effluent wastewater were analyzed for chemical oxygen

demand (COD), soluble COD (sCOD), Total Kjeldahl Nitrogen (TKN), NH+
4 -N,

NO−
2 -N, NO−

3 -N, total P and PO3−
4 -P, according to Standard Methods (APHA,
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Figure 4.1 (A) Scheme of the experimental apparatus. RC was inocu-
lated a t=0 days with C. vulgaris (B) Sample collection timepoints for
DNA analysis. Samples used for shotgun sequencing are displayed with
a thick black border.
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2012). The parameter sCOD was measured after filtration of the sample on 0.45

µm membrane. The light intensity was measured as photosynthetically active

radiation (PAR) with a SQ-520 quantum sensor (Apogee Instruments, USA).

Dissolved Oxygen (DO), pH and temperature were recorded every 15 minutes

with WTW instrumentation (Germany).

4.2.6 DNA extraction and library preparation

DNeasy® PowerSoil® Kit (Qiagen, Germany) was used to extract DNA with

a modified protocol. For all samples, the PowerBead was filled with 1 ml of

mixed liquor and processed following the QIAGEN DNeasy® PowerSoil® Kit

instructions except that the collection tube was centrifuged for 2, 1 and 1 min-

utes after adding Solution C3, C5 and C6, respectively.

16S rRNA gene sequencing libraries were prepared following the “Illumina 16S

metagenomic Sequencing library preparation” slightly modified protocol using

the V3-V4 primers (Klindworth et al., 2013) and the Nextera XT Set A indexes

(Illumina, San Diego). The first amplification was performed with Q5® High-

Fidelity DNA Polymerase kit (New England Biolabs, USA). The samples were

sequenced on Illumina MiSeq platform.

Shotgun metagenomics libraries were prepared with “Illumina Nextera XT

library preparation” protocol and sequenced on Illumina HiSeq platform (Illu-

mina, San Diego).

4.2.7 16S rRNA gene sequencing processing and analysis

Paired-ends reads were merged with Pandaseq (Masella et al., 2012) using

default parameters. Quality-filtering was conducted with Qiime 1.9 (Caporaso et

al., 2010) and operational taxonomic units (OTUs) were assigned using the open-

reference OTU picking strategy against the 16S reference database SILVA 132

release (Quast et al., 2013). OTUs with less than 10 counts and those assigned

to Chloroplast were discarded from the analysis.

Alpha, beta-diversity indices, and phylum-to-genus relative abundances were

obtained in Qiime 1.9 (Caporaso et al., 2010). The trend of alpha diversity
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indices over-time was calculated through linear regression. Beta-diversity was

estimated from the Bray-Curtis dissimilarity matrix and it was represented in

a multi-dimensional scaling (MDS) plot. Differences in relative abundances

between “pre28” and “post28” days groups were assessed using a pairwise t-test

with Benjamini-Hochberg (BH) correction (Benjamini and Hochberg 1995).

Correlations between alpha diversity indices and sampling days, and bacteria

at the family-level and nitrogen removal compounds were assessed with the

Spearman’s correlation coefficient.

4.2.8 Shotgun metagenomic analysis, assembly and

microbial genome reconstruction

Species-level taxonomic profiling, was performed with MetaPhlAn2 (v2.9.21,

database version “mpa_v293_CHOCOPhlAn_201901”) , using default parame-

ters (Truong et al., 2015).

To reconstruct microbial genomes from metagenomes (MAGs), the single-

sample metagenomic assembly and binning followed the approach of (Pa-

solli et al., 2019). Briefly, reads were assembled using MEGAHIT v1.2.8 (Li et

al., 2015), retaining only contigs longer than 1,000nt. BowTie2 v2.2.9 (Lang-

mead and Salzberg 2012) was used to map reads against contigs with option

‘–very-sensitive-local’ and MetaBAT2 v2.12.1 (Kang et al., 2015) was used for

contigs binning, with option ‘-m 1500’. CheckM v1.0.7 (Parks et al., 2015) was

used to quality-control the bins/putative reconstructed genomes. High-quality

genomes were defined by >90% CheckM completeness and <5% CheckM con-

tamination and were used for subsequent analysis. Average Nucleotide Identity

(ANI) was computed pairwise between putative genomes using FastANI v1.1

(https://github.com/ParBLiSS/FastANI.git).

We next applied a subroutine of PhyloPhlAn2, ‘phylophlan2_metagenomic’, on

our set of MAGs to identify the closest species-level genome bins (SGB), genus-

level genome bins (GGB), and family-level genome bins (FGB), additionally

to the closest Reference Genome, according to the MASH distance (Ondov et

al., 2016). This was computed between the MAGs and a database composed of
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162,527 MAGs and 146,186 Reference Genomes. According to these measures,

we were able to determine if a specific MAG must be included into an already

defined SGB according to the threshold of 5% genetic distance, as defined in

(Pasolli et al., 2019). If a MAG results too far in terms of MASH distance to every

SGBs, a new SGB must be generated. Thus, we organized the set of “orphan”

MAGs applying an average linkage assignment and hierarchical clustering al-

gorithm. The distances for assignment and clustering are based on computing

the MASH distances between this subset of MAGs versus themselves. The same

procedure has been repeated also for the GGB and FGB level using 15% and

30% of genetic distance, respectively.

Phylogenetic analysis of the high-quality genome bins was performed using

PhyloPhlAn2 (version 0.39, repository of Sept 2019) using 400 markers and

options: “–accurate –diversity high”.

4.3 Results and Discussion

4.3.1 Initial inoculation of C. vulgaris does not impact the

long-term wastewater treatment performance

The primary goal of the wastewater treatment is the removal of organic

compounds and nutrients (nitrogen and phosphorus). To assess the treatment

performance of the reactors, COD, sCOD, TKN, NH+
4 -N, NO−

2 -N, NO−
3 -N, total P

and NH+
4 -N, NO−

2 -N, NO−
3 -N were measured in the influent and effluent waste-

water (Table S4.1- S4.3).

Both systems showed a similar COD removal efficiency (Figure 4.2). After

one week of acclimation, the reactors had a COD removal efficiency around

88±4% that further increased with time and stabilized after day 60, with average

removal efficiency of 92±4% and 93±2% for RC and RW respectively. Despite

the fluctuations of COD in the real influent wastewater, RC and RW were char-

acterized by low and stable effluent sCOD concentrations with an average of

31±12 and 29±13 mg COD/L, respectively. COD removal was similar from the

beginning and therefore the inoculum of C. vulgaris played a negligible role.
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These results are in agreement with other works about photobioreactors (Lee et

al., 2015; García et al., 2018), in which the organic matter was mainly removed

by heterotrophic bacteria.

Nitrogen entered the systems in the form of TKN (average value of 45±15 mg

N/L). During the first week of acclimation, both reactors were able to partially

remove ammonium (85% and 58%, respectively) but with different removal

mechanisms. In RC, ammonium was mainly removed by C. vulgaris and ammo-

nia stripping, which was linked to pH increase due to photosynthetic activity

(Figure S4.1) (Cai et al., 2013), while nitrification played a minor role. In fact, RC

effluent (Table S4.3) contained fewer nitrites (6.1 mg NO−
2 -N/L) and nitrates

(1.7 mg NO−
3 -N/L) compared to RW characterized by effluent concentrations

of 19.3 mg NO−
2 -N/L and 4.3 mg NO−

3 -N/L (Table S4.2). Since RW was not

inoculated with C. vulgaris, ammonium was partially oxidised into nitrites and

nitrates by nitrifying bacteria developed spontaneously from the WW.

In both reactors the ammonium removal efficiency was characterized by a quick

evolution after the first 7 days of acclimation with a two-week temporary wors-

ening (Figure 4.2). An accumulation of nitrites was observed in RC and RW until

day 28 and 24, respectively. This phenomenon was linked to the development

of the Nitrite Oxidizing Bacteria (NOB that included Nitrospiraceae, Figure 4.6).

At the same time, nitrates increased in the effluent indicating that the main

ammonium removal mechanism of both reactors was nitrification. Afterward,

ammonium was effectively nitrified during the entire experimentation with

removal efficiency of 99±1% and 97±8% in RC and RW, respectively.

Despite a different evolution during the acclimation phase, bacterial nitrifica-

tion was the main ammonium removal mechanisms in both reactors at T101.

Therefore, the inoculation of C. vulgaris only delayed the development of full

nitrification (Choi et al., 2010).

RC was able to effectively remove P during the first 60 days of acclimation

(83±18%) while RW exhibited a low P removal efficiency throughout the entire

experimentation (41±13%) (Figure 4.2). The decline observed in RC after 60

days could be due to the progressive loss of C. vulgaris. At the end, both reactors

showed low total P removal efficiency (25±17% and 39±11% for RC and RW
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respectively).

Overall, the effect of C. vulgaris inoculation on the pollutant removal was

negligible since after an acclimation period the reactors showed similar removal

efficiency performances.
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Figure 4.2 Removal efficiency of COD, TKN and P over time.
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4.3.2 Bacterial communities’ evolution towards a similar

consortium

16S rRNA gene sequencing was employed to investigate the bacterial com-

position differences between reactors and WW microbiota. We obtained a total

of 3,894,184 reads with a mean 40,564.417±14,627.790 reads/sample, ranging

from min 306 (in negative-control sample library) to 71,375 max sample library

size.

Alpha diversity indices were calculated to examine the within-group diver-

sity over time. Reactors’ indices increased during the experiment. In particular,

RC showed a significant correlation between indices and days of sampling (Fig-

ure 4.3). From day 49, RC was characterized by a higher richness (i.e. Chao1

and the number of observed OTUs) and a higher evenness of the bacterial com-

munities compared to RW, suggesting that the initial inoculum of C. vulgaris

may have promoted bacterial growth and adaptation (Ramanan et al., 2016).

In the long-term, both reactors tended to higher diversity suggesting a more

stable bacterial community (Tang et al., 2018). On the contrary, WW showed

a significant decreasing richness (Chao1 R=-0.59, P=0.026) but a more stable

evenness over time.

To reveal differences and similarities of bacterial communities over time,

beta-diversity was calculated with the Bray-Curtis dissimilarity matrix. The

three groups (WW, RC, RW) showed a spatial separation except for T0, in which

the microbiota composition of the reactors clustered according to the com-

position of the WW (Figure 4.3), as they were initially filled with the same

wastewater.

Due to the variability of real wastewater, the bacterial communities of WW

showed an undefined pattern towards time points, with samples clustering in

proximity.

After 7 days of acclimation in batch mode, reactors microbiota radically changed

from that of WW. In particular, RC sample was closer to C. vulgaris culture. In

fact, the culture of C. vulgaris was not axenic but had its own associated bac-

terial community (Figure 4.3). At T7, RC showed a very low Chao1 index and
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observed OTUs (Figure 4.3) suggesting that C. vulgaris affected the develop-

ment of bacteria except the one that were present in the inoculum.

Hereafter, the reactors bacterial community experienced a continuous change

with time, shifting from WW to a more stabilized community represented by

a long-term photobioreactor (pilotPR, i.e. a microalgal-bacterial consortium

working from more than 2 years in a similar photobioreactor, (Chapters 6, 13)).

The transformation of reactors bacterial communities was more pronounced

between 28 days (T28) and 61 days (T61) as shown in the MDS plot (Figure

4.3), where samples moved from left to right. From T61, the distance between

reactors samples collected on the same day diminished, indicating that the mi-

crobiota was becoming more similar to each other, slowly converging towards

the long-term pilotPR.

Taken together, this data indicates that time had a major effect in both reac-

tors. The greater differences between the two groups were at T38, T49 and

T61. To note, the operational conditions remained unchanged throughout the

experiment, the only variables were the characteristics of the WW.

At the taxonomic level, 52 phyla and 747 genera were identified. Proteobac-

teria was the most abundant phylum in all samples ranging from 29% to more

than 50% (Figure 4.4). Proteobacteria has been widely found in municipal

WWTPs (Cydzik-Kwiatkowska and Zielińska 2016; Zhang et al., 2017). As in

our samples, Proteobacteria mostly belonged to the class Betaproteobacteria

(Wu et al., 2019) involved in organic matter degradation and nutrient removal

(Nascimento et al., 2018; Cydzik-Kwiatkowska and Zielińska 2016).

In WW samples, the most abundant phylum was Proteobacteria, in line with

the findings of Ye and Zhang (2013), followed by Bacteroidetes (>17%) and Fir-

micutes, representing all together at least 85% of the bacterial community. The

microbiota composition of the WW remained stable during the experiment.

The composition of the reactors samples at T0 was similar to that of WW. How-

ever, RC at T0 contained also bacteria associated with the C. vulgaris inoculum.

Even under laboratory cultivation conditions of unialgal cultures, certain bacte-

ria may accompany microalgae (Lee et al., 2015), which in this case were the
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genera Massilia and Janthinobacterium belonging to the phylum Proteobacteria

(Figure S4.2).

After the acclimation in batch mode at T7, both reactors showed a large shift

in the bacterial structure (Figure 4.3, 2C). Out of the most abundant phyla at

T0, Proteobacteria and Bacteroidetes persisted in the reactors while Firmicutes

dramatically reduced passing from 4% to 0.5% in RC, and from 6% to 1.5% in

RW. A similar result was reported by Higgins et al., (2018), testing a wastewater

microbial community with microalgae in the treatment of winery wastewater.

At the same time, Cyanobacteria spontaneously developed in RW (1%) and

gradually increase from T38, replacing Bacteroidetes as second abundant phyla

in the last sample. In RC, Cyanobacteria started to establish after T28 at higher

abundance than RW, reaching 21% in the last sample.

The shift in bacterial population during the first 7 days suggests an adap-

tation of the community to the operational conditions of the reactors. More-

over, the development of Cyanobacteria in RW demonstrates that a microalgal-

bacterial consortium can develop spontaneously from the influent wastewater.

In fact, Cyanobacteria is the largest and widely distributed group of photosyn-

thetic prokaryotes (Dvořák et al., 2017).

Over time, low abundant phyla present in WW developed in the reactors such

as Planctomycetes and concomitantly Cyanobacteria. From T38, both reactors

presented higher relative abundance of Planctomycetes (6%-12%), however no

genus related to the Anammox (Fuerst and Sagulenko 2011) was here found

(data not shown). Nitrospirae developed earlier in RW after 17 days and in RC

only after 28 days. Even at lower relative abundance (around 1% in the last four

timepoints), Nitrospirae played a central role in nitrification since it contained

dominant NOB, i.e. Nitrospira spp.

To note, Acidobacteria, Chlorobi, Chloroflexi and Gemmatimonadetes phyla

comprise phototrophic bacteria that exploit light as an energy source for the

growth without oxygen production (Zeng and Koblížek 2017). As observed in

the MDS plot (Figure 4.3), starting from T61, the composition of the reactors

became more similar to each other. The above results demonstrated that the

initial inoculation of C. vulgaris did not affect, in the long-term the bacterial
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Figure 4.3 (A) Alpha diversity indices in each group amongst time
points (days after start) modelled through a linear regression. (B) Multi-
dimensional scaling (MDS) plot based on Bray-Curtis dissimilarity ma-
trix.
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community, which stabilized in the reactors over time.

Interestingly the top-5 most abundant bacterial phyla found in the late reactors

timepoints, expect of Cyanobacteria, were frequently detected and have been

considered typical resident of activated sludge (Gao et al., 2016; Zhang et al.,

2017; Zhang et al., 2018; Xu et al., 2018; Kim et al., 2019).
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Figure 4.4 Top-20 most abundant phyla distribution as percentage
abundances in each group and per time points sampled. Low-abundant
phyla were grouped together.
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4.3.3 Microbiota structure of photobioreactors differs from

the influent wastewater microbiota
Consistent with the beta-diversity results, the heat-map at phylum level

revealed time-related changes of the bacterial community inside the reactors

and its separation from WW.

WW showed a unique clustering compared to the others, while differences in

the phylum composition were identified amongst time points in RC and RW

groups (Figure 4.5).

The composition of the bacterial community of the reactors varied with time.

RC and RW at T0 clustered together with WW. After the first week of acclimation,

the microbial composition of both reactors shifted towards a distinct structure

with respect to WW. Changes of the bacterial communities can be appreciate in

Figure 4.5 where reactors samples cluster form left to right over time.

The most abundant phyla of bacteria that entered the reactors with WW were

replaced. The bacterial communities that developed in the reactors were com-

pletely different from WW. The microbial communities in the reactors were

affected by the operating conditions that created an environment not suitable

for the most abundant bacteria that entered the systems.

Reactors’ bacterial communities from days 80 and 101 clustered together on the

right branch of on-column hierarchical clustering revealing that, with time, the

microbial community structures of the two reactors converged and C. vulgaris

gradually left the system (Chapter 3, Section 3.3.4), due to its poor settleability

(Barros et al., 2015). The similar microbiota structure between reactors at the

end of the experimentation was also reflected on the genus level (Figure S4.2).

To appreciate the temporal variability of the bacterial communities inside the

reactors, the relative abundance of both reactors at phylum level, were grouped

before and after T28 (Figure 4.5). It is worth noting that both reactors reached

full nitrification after T28 (Figure 4.6). Hereafter, the bacterial community in

both reactors, evolved towards a microbiota different from WW. The most abun-

dant phyla that developed after T28, stabilized in both reactors. In particular,

Planctomycetes, Cyanobacteria, and Nitrospirae increased in the reactors while

Proteobacteria and Bacteroidetes decreased.
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RC

RW

Figure 4.5 Heat-map of the most abundant phyla according to days
of sampling and groups. Change in the color from blue to red refers
to the row Z-score. Barchart refers to the relative abundance of each
phylum before (pre28) and after (post28) the 28th day of sampling in RC
and RW. Welch t-test with Benjamini-Hochberg correction: ∗∗∗P<0.005;
∗∗P<0.01; ∗P<0.05.

82



CHAPTER 4. PHOTOBIOREACTORS START-UP AND INITIAL MICROALGAL

INOCULATION: MICROBIOTA EVOLUTION

4.3.4 Initial inoculation of C. vulgaris delays the

development of full-nitrification

Bacterial communities that are responsible for nitrification are called “ni-

trifiers” and include ammonia oxidizing bacteria (AOB) and nitrite oxidizing

bacteria (NOB) (Johnston et al., 2019). To complete the oxidation from ammo-

nium to nitrates is essential that AOB and NOB coexist.

The correlation of AOB and NOB dynamics with ammonium oxidation was

made by comparing over time the effluent concentrations of N-forms from the

reactors with the relative abundances of Nitrosomonadaceae and Nitrospiraceae

bacterial families (Figure 4.6). The family Nitrosomonadaceae includes the

majority of known AOB (Prosser et al., 2014), while the family Nitrospiraceae

comprised the genus Nitrospira (i.e. the dominant known NOB in engineered

systems (Daims 2014; Wu et al., 2019).

In both reactors, ammonium oxidation consisted at the beginning in a partial

nitrification (i.e. residual effluent ammonium and significant nitrite accumula-

tion). Full nitrification was reached after T28 and T24 in RC and RW, respectively,

concurrently with the development of the families Nitrosomonadaceae and Ni-

trospiraceae.

At T7 (i.e. with no feeding) Nitrosomonadaceae abundance increased in RW

(1.9%) and hardly in RC (0.2%) (Figure 4.6A). Nitrosomonadaceae remained in

RW at concentration higher than 0.7% except for day 38. At T40, RW was not

able to remove ammonium completely (due to biomass washout at T38) and

at the same time, the relative abundance of Nitrosomonadaceae was close to

zero. In RC, Nitrosomonadaceae increased with time until T28 and afterwards

remained at concentration higher than 1%.

The development of Nitrospiraceae in both reactors followed nitrate production

(Figure 4.6B) as a result of nitrite oxidation. In particular, the abundance of

Nitrospiraceae in RC strong positively correlated with effluent nitrates (R=0.95,

p<0.001; Figure S4.3). The RC showed a delay in the development of full nitrifi-

cation linked to considerable pH fluctuations during the cycle until T35 (Figure

S4.1). In particular, microalgae, through photosynthesis, increase the pH that
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may inhibit bacteria (Choi et al., 2010), especially NOB (Liu et al., 2015). In RW,

Nitrospiraceae presented a faster establishment from the beginning. Similar

to what observed for Nitrosomonadaceae, at T38 Nitrospiraceae was almost

absent in RW, which coincided with a worsening in TKN removal efficiency at

T40 (Figure 4.2).

In both reactors, once reached the complete ammonium oxidation, only nitrates

were present in the effluent and the relative abundance of Nitrosomonadaceae

and Nitrospiraceae stabilized. The presence of C. vulgaris in RC delayed indi-

rectly the development of full nitrification. In particular, the pH fluctuation

linked with the photosynthetic activity of C. vulgaris delayed at the beginning

the establishment of Nitrosomonadaceae and inhibited the presence of Nitro-

spiraceae. Similarly, Huang et al. (2015) reported that Nitrosomonadaceae and

Nitrospiraceae spp. relative abundances lowered in presence of algae compared

to the control reactor seeded only with activated sludge, resulting in decreased

nitrification efficiency.

In addition, these results demonstrated the central role of AOB and NOB in

N-removal, even if present at low concentrations.

The denitrification process was not favored inside the reactors since light

was provided 24 hours (i.e. continuous photosynthetic oxygenation). However,

anoxic condition may have occurred in the deeper part of the flocs resulting

in a spontaneous partial denitrification. Since a lot of heterotrophic bacteria

are facultative anaerobe able to perform denitrification (Wang et al., 2018), no

bacterial family was considered in particular.
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Figure 4.6 Superimposition over time between effluent N-forms and
relative abundance of the families (A) Nitrosomonadaceae and (B) Ni-
trospiraceae. Influent TKN was added for completeness.
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4.3.5 Shotgun metagenomics identified novel

photobioreactors-associated bacterial species

To explore the reactors-associated microbiome at the species level and to

possibly discover previously uncharacterized bacteria, shotgun metagenomics

was performed on a total of 4 samples from the two reactors at T0 and at

T101 (Figure 4.1). Metagenomic profile at the species-level was obtained with

MetaPhlAn2 (Truong et al., 2015), from which a total of 575 taxa were identified.

Out of the 20-most abundant species, Arcobacter cryaerophilus and Bacteroides

graminisolvens were the most abundant in reactors at T0 while Pseudanabaena

sp. SR411 and Nitrospira defluvii at T101, with some differences between the

reactors. Bacterial species representative of the T0 (which also reflects the WW

microbiome) were previously found in raw wastewater (sewage). In particular,

Arcobacter cryaerophilus is an emerging pathogen, associated with human and

animal gastroenteritis (Ferreira et al., 2016). Taxonomies found in T101 were

instead representative of the reactors acclimatation process. Interestingly, while

Nitrospira defluvii was previously isolated and characterized from activated

sludge (Spieck et al., 2016), to our knowledge, there is no report of its presence

in microalgal-bacterial consortia. Similarly, Pseudanabaena sp. SR411, a fila-

mentous cyanobacterium possibly capable of nitrogen removal, was isolated

only from Susquehanna River (Sullivan et al., 2018). Pseudanabaena sp. is a

common and harmful species in freshwater Cyanobacteria blooms (Gao et al.,

2018).

Using a similar assembly approach to that published in Pasolli et al. (2019),

we retrieved 29 high-quality (i.e. >95% completeness and <5% contamination,

Parks et al., 2015) metagenome-assembled genomes (MAGs) from reactors

samples. None of the MAGs matched with anything known at the time of writing

this work. In particular, these genomes distributed over 26 SGBs that have never

been previously described and thus represent novel taxa. We relied on the taxa

of the closest reference genomes for the mechanism of assignment a taxonomic

label to the newly defined SGBs. In particular, we were not able to assign taxa

at the species level, neither at the genus level which were therefore defined
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to as “unknown SGBs” (uSGBs) (Pasolli et al., 2019). The SGB 35246, which is

composed of one MAG only, results to be the only exception because of the

presence of three Reference Genomes in the same FGB with the same taxonomic

label k_Bacteria|p_Nitrospirae|c_Nitrospira|o_Nitrospirales|f_Nitrospiraceae

(Table 4.1). 11/26 (0.42%) uSGBs belonged to the RC samples, all but 1 from

T101. 15/26 (0.58%) uSGBs belonged to the RW samples, with 3/15 SGBs from

the T0 sample. There was at least one genome retrieved per SGB. Interestingly,

RC and RW at T101 shared three uSGBs, with an average nucleotide identity

(ANI) close to 99% (Table 4.1).

To investigate the acclimatation process towards a more stabilized commu-

nity, we also retrieved MAGs from the pilotPR sample (Chapters 6, 13) using

the same approach described, obtaining 10 high-quality uSGBs (Table 4.1)

which were included in the phylogenetic analysis. RC shared one uSGB with

the pilotPR with a 99.76% ANI value, while RW shared a uSGB with 98.50% ANI

value (Table 4.1). New SGB were found especially at T101 because microalgal-

bacterial consortia that treat wastewater are still unexplored (Mishra et al.,

2019).
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Retrieved
genomes

Retreived
from

Time
point

SGB
type

Closer taxonomic level
assigned

ANI∗

1 RW T0 uSGB k__Bacteria|p__Chlorobi
1 RW T0 uSGB k__Bacteria|p__Proteobacteria
1 RW T0 uSGB k__Bacteria|p__Proteobacteria
1 RW T101 uSGB k__Bacteria|p__Cyanobacteria
1 RW T101 uSGB k__Bacteria|p__Bacteroidetes
1 RW T101 uSGB k__Bacteria|p__Candidatus_Kapabacteria
1 RW T101 uSGB k__Bacteria|p__Nitrospirae|c__Nitrospira|

o__Nitrospirales|f__Nitrospiraceae
1 RW T101 uSGB k__Bacteria|p__Proteobacteria
1 RW T101 uSGB k__Bacteria|p__Proteobacteria
1 RW T101 uSGB k__Bacteria|p__Proteobacteria
1 RW T101 uSGB k__Bacteria|p__Proteobacteria
1 RW T101 uSGB k__Bacteria|p__Nitrospirae
1 RW T101 uSGB k__Bacteria|p__Bacteroidetes
1 RC T0 uSGB k__Bacteria|p__Proteobacteria
1 RC T101 uSGB k__Bacteria|p__Cyanobacteria
1 RC T101 uSGB k__Bacteria|p__Bacteroidetes
1 RC T101 uSGB k__Bacteria|p__Bacteroidetes
1 RC T101 uSGB k__Bacteria|p__Candidatus_Parcubacteria
1 RC T101 uSGB k__Bacteria|p__Proteobacteria
1 RC T101 uSGB k__Bacteria|p__Proteobacteria
1 RC T101 uSGB k__Bacteria|p__Proteobacteria
1 PRpilot na uSGB k__Bacteria|p__Cyanobacteria
1 pilotPR na uSGB k__Bacteria|p__Proteobacteria
1 pilotPR na uSGB k__Bacteria|p__Proteobacteria
1 pilotPR na uSGB k__Bacteria|p__Bacteroidetes
1 pilotPR na uSGB k__Bacteria|p__Bacteria_unclassified
1 pilotPR na uSGB k__Bacteria|p__Candidatus_Roizmanbacteria
1 pilotPR na uSGB k__Bacteria|p__Proteobacteria
1 pilotPR na uSGB k__Bacteria|p__Proteobacteria
1 pilotPR na uSGB k__Bacteria|p__Nitrospirae
1 pilotPR na uSGB k__Bacteria|p__Proteobacteria
2 RW; RC T101 uSGB k__Bacteria|p__Bacteroidetes 98.67
2 RW; RC T101 uSGB k__Bacteria|p__Chloroflexi 99.9
2 RW;RC T101 uSGB k__Bacteria|p__Chlorobi 98.67
2 pilotPR;RW T101 uSGB k__Bacteria|p__Cyanobacteria 98.5
2 pilotPR;RC T101 uSGB k__Bacteria|p__Chloroflexi 99.76

∗ average nucleotide identity (ANI) was computed between the two putative genomes retrieved in two

different samples and assigned to the same SGB.

Table 4.1 List of uSGBs retreived from photobioreactors samples and
closer taxonomic assignment 88
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4.4 Conclusion

Collectively, our results show that the initial algal inoculation plays a mi-

nor role during the start-up of photobioreactors and it does not affect in the

long-term the treatment removal performances and the bacterial community

of photobioreactors treating real municipal wastewater.

Even if the bacterial community that established over time in photobioreac-

tors was quite different from the predominant bacteria present in the influent

wastewater, the present findings confirm that wastewater microbiota is suffi-

cient to start-up a photobioreactor. In view of the full-scale application, this

means avoiding high sterilization cost of wastewater and initial inoculation of

microalgae.

In addition, these results suggest that after an acclimation period (about

60 days) in which the bacterial population experiences a progressive change

with time, the microbiota converges into a stable structure that adapts to the

operational conditions, despite the initial presence of an inoculated microalgae.

Since there are few studies on microbiota evolution in photobioreactors

treating real municipal wastewater, future research is needed to confirm these

initial findings and to replicate results in a larger scale. Moreover, the use of shot-

gun metagenomics enabled the discovery of new environmental species associ-

ated to photobioreactors, even if from few samples. Increasing the number of

samples would be of interest in unravelling the composition of photobioreactors-

associated microbiota and its functions, and to explore the uncultured and

uncharacterized milieu of photobioreactors-associated microbiota.
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Supplementary material

Day COD sCOD TKN NO−
2 -N NO−

3 -N total P PO3−
4 -P

[d] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]
0 324 142 52 0.0 1.0 5.8 3.0
7 127 44 11 0.2 2.2 2.9 0.5

10 168 57 22 0.1 0.7 3.3 0.7
17 300 123 47 0.5 0.9 5.3 1.6
24 376 143 47 0.1 1.3 6.4 3.3
31 314 133 57 0.1 0.9 6.0 3.6
40 136 58 23 0.5 3.6 3.4 1.8
45 233 92 42 0.6 1.5 4.6 2.8
49 282 120 52 0.0 0.3 5.7 3.5
61 408 147 53 0.3 0.8 6.7 3.8
66 368 107 58 0.4 0.3 5.8 3.4
73 220 102 42 0.4 1.0 4.2 2.7
80 394 165 49 0.1 0.9 5.9 3.4
87 267 123 57 0.1 0.9 5.7 5.0
94 306 188 55 0.1 0.8 5.4 4.0

Table S4.1 WW characteristics
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Day sCOD NH+
4 -N NO−

2 -N NO−
3 -N PO3−

4 -P
[d] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]
0 118 54.6 0.1 0.3 3.2
3 - 49.5 0.4 1.7 3.0
5 47 41.9 4.3 0.5 3.2
7 54 23.1 19.3 4.3 3.0

10 - 0.4 17.1 4.2 1.8
12 35 10.1 0.0 0.0 -
14 58 17.8 19.3 9.9 1.5
17 - 17.6 20.6 10.9 2.0
19 58 5.6 19.1 12.0 1.9
21 61 0.7 21.7 12.9 2.2
24 29 0.0 12.9 21.5 2.8
26 30 0.0 4.5 23.0 2.7
28 27 0.0 0.8 26.3 3.1
31 29 0.7 0.3 27.1 3.0
34 24 1.1 0.0 27.6 3.2
38 - 2.4 0.5 31.4 3.6
40 42 25.6 6.4 17.7 4.2
42 40 0.9 4.3 25.1 3.5
45 19 0.4 0.2 26.2 2.2
47 19 0.4 0.0 24.4 3.0
49 24 0.4 0.1 26.5 2.9
55 34 0.5 0.1 35.5 3.8
61 29 0.1 0.0 36.2 2.0
63 21 0.5 0.1 29.1 4.3
66 23 0.6 0.0 25.3 3.7
68 15 0.0 0.0 30.4 4.0
70 20 0.5 0.0 28.0 3.9
73 22 0.6 0.0 28.1 3.4
75 19 0.0 0.0 25.9 3.3
77 20 0.0 0.0 23.6 2.8
80 26 0.0 0.0 24.5 3.1
82 19 0.2 0.0 21.6 3.2
84 34 0.3 0.0 20.9 3.7
87 26 1.1 0.0 16.3 3.7
89 23 0.7 0.0 19.2 3.6
91 16 1.2 0.1 19.6 3.7
94 28 1.0 0.0 22.2 3.0
96 21 1.0 0.0 17.7 3.0
98 13 0.0 0.0 15.7 4.0

101 23 0.1 0.0 22.7 2.5

Table S4.2 Effluent characteristics of RW
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Day sCOD NH+
4 -N NO−

2 -N NO−
3 -N PO3−

4 -P
[d] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]
0 467 43.1 1.6 1.3 3.1
3 - 32.7 1.8 0.9 2.7
5 49 20.9 2.6 0.6 1.2
7 49 6.3 6.1 1.7 0.5

10 - 0.3 3.8 0.4 0.1
12 29 0.4 0.1 0.0 -
14 29 11.8 18.8 0.2 0.3
17 - 16.4 15.6 3.7 0.1
19 58 0.9 16.5 5.9 0.3
21 55 1.4 22.8 6.9 0.3
24 55 0.0 18.7 9.5 0.1
26 51 0.0 17.9 9.5 0.9
28 49 0.0 18.4 12.6 0.8
31 31 0.0 0.4 27.3 0.3
34 25 1.1 0.0 26.4 0.8
38 34 1.2 0.0 26.9 0.1
40 27 1.1 0.0 30.4 1.7
42 34 0.2 0.1 22.1 1.4
45 23 0.0 0.0 15.5 1.2
47 24 0.2 0.0 20.2 2.7
49 30 0.3 0.0 22.1 2.6
55 32 0.5 0.3 24.6 0.6
61 57 0.3 0.1 26.2 2.9
63 26 0.5 0.0 24.1 4.8
66 30 0.8 0.1 19.1 4.5
68 21 0.1 0.0 23.6 5.1
70 22 0.3 0.1 28.1 4.8
73 22 0.6 0.0 33.2 3.5
75 23 0.0 0.0 27.7 4.7
77 19 0.0 0.1 27.0 4.2
80 29 0.0 0.0 30.7 4.6
82 26 0.3 0.1 24.6 4.5
84 20 0.3 0.3 26.0 4.3
87 29 0.6 0.0 24.7 4.3
89 19 0.7 0.0 25.1 4.5
91 23 0.7 0.2 26.4 4.5
94 21 1.0 0.0 32.7 3.0
96 18 0.9 0.0 22.5 4.3
98 29 0.2 0.1 21.3 4.4

101 18 0.1 0.0 24.5 2.1

Table S4.3 Effluent characteristics of RC
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A

B

Figure S4.1 Evolution of pH over time in (A) RC, inoculated with C.
vulgaris and (B) RW, without initial microalgal inoculum.
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WW

PRC

C.vulgaris culture

PRW

RC

RW

Figure S4.2 Heatmap of the top-100 most abundant genera according
to days of sampling and groups. RW: photobioreactor with wastewater;
RC: photobioreactor with wastewater and C. vulgaris inoculum; WW:
wastewater after primary sedimentation. Change in the color from blue
to red refers to the row Z-score.
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Figure S4.3 Correlation between bacterial family and effluent nitro-
gen compounds for (A) RC and (B) RW, according to the Spearman’s
correlation coefficient (R).
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PHOTOBIOREACTORS START-UP AND
INITIAL MICROALGAL INOCULATION:
A FLOW CYTOMETRY INVESTIGATION

The influence of the initial microalgal inoculation on the composition of the microbial

community developed in the experiment presented in Chapter 3 was investigated

through flow cytometry (FCM).

FCM analysis revealed that the microalgae initially inoculated gradually left the system

with the effluent. Photosynthetic organisms, entered with the influent wastewater, es-

tablished in both reactors that over time converged into a similar microalgal-bacterial

consortium. Therefore, it was concluded that initial microalgal inoculation is unneces-

sary to start-up photobioreactors treating real wastewater .

This research was made in collaboration with Agenzia per la Depurazione (ADEP) -

Autonomous Province of Trento

This Chapter is based on:

Petrini S., Foladori P., Bruni, L., Andreottola G. The role of initial microalgal inoculation

on the start-up of photobioreactors treating real wastewater, and its outcome in the long

term: A flow cytometry investigation. Bioresource Technology Reports, UNDER REVIEW
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Abstract

Microalgal-bacterial consortia represent a sustainable alternative to activated

sludge in the treatment of wastewater. However, little is known about the role of initial

microalgal inoculation on the start-up of photobioreactors and the development of a

microalgal-bacterial consortium that treats real wastewater.

One photobioreactor inoculated with Chlorella vulgaris (RC) and another identical

photobioreactor without inoculation (RW) were fed with real municipal wastewater

and run until steady-state conditions were reached in the treatment. The development

and the composition of the microalgal-bacterial consortia were monitored with flow

cytometry (FCM). Fluorescent and scattering signals were used to distinguish and

quantify microalgae and bacteria both in the mixed liquor and in the effluents.

FCM analysis revealed that microalgae spontaneously developed inside RW. Chlorella

vulgaris gradually left RC with the effluent because characterized by low settleability. At

the end of acclimation, the ratio microalgae/bacteria resulted comparable in the two

reactors. Bacterial population in both reactors presented a very slow growth during the

first 20 days. Afterwards, they increased concomitantly with the decreasing in effluent

concentrations of both microalgae and bacteria.

Despite the initial differences, the composition of both reactors converged into a simi-

lar microalgal-bacterial consortium, structured in dense aggregates.

In conclusion, the results show that the initial microalgal inoculation has a negligi-

ble role in the development of a stable microalgal-bacterial consortium because 1)

the inoculated microalgae gradually left the system, due to the low settleability; 2)

microalgal-bacterial consortia can develop spontaneously when treating real wastewa-

ter.

5.1 Introduction

In a context of climate change, wastewater treatment plants (WWTP) based

on activated sludge process are no longer sustainable due to the large energy

consumption, with related greenhouse gas (GHG) emissions, and excess sludge

disposal. In recent decades, microalgal-bacterial consortia have been attracting

increasing attention as a promising alternative solution thanks to the symbiotic
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exchange of oxygen and CO2 (Muñoz and Guieysse, 2006; Wang Y. et al., 2016;

Gonçalve et al., 2017). Photosynthetic oxygenation is a cost-effective and sus-

tainable means to replace mechanical aeration, which may account for 50% of

the energy consumption of WWTP (Mamais et al., 2015), resulting in reduced

GHG emissions.

Microalgal-bacterial consortia have been tested in the treatment of different

types of wastewater, showing good removal efficiency (Cai et al., 2013; Arcila

and Buitrón, 2016; Wang Y. et al., 2016; Lee and Lei, 2019). While several stud-

ies have focused on the application of single microalgal species inoculated in

photobioreactors treating synthetic or sterilized wastewater (Cuellar-Bermudez

et al., 2017), various studies have reported the development of spontaneous

microalgal-bacterial consortia in photobioreactors treating real wastewater

(Arango et al., 2016; Cho et al., 2017; He et al., 2013; Kang et al., 2018; Tsioptsias

et al., 2016).

In view of the full-scale application, resident-wastewater microorganisms can-

not be avoided (Xu et al., 2009; He et al., 2013; Saunders et al., 2016) without

incurring high sterilization costs. Therefore, it is important to understand the

role and the outcome of the initial microalgal inoculation when treating real

wastewater.

Some studies have investigated the impact of different inoculation ratios

and their fate in photobioreactors (Su et al., 2012; Arango et al., 2016; Sun L.

et al., 2019). However, none of these have monitored the acclimation period

until steady-state conditions were reached. Therefore, still little is known about

the evolution of microalgal-bacterial consortia (García et al., 2018) and if the

microalgae inoculated persist in the system in the long-term. Comparative

studies without initial microalgal inoculation would clarify if inoculation is

essential to start-up a photobioreactor or if only wastewater is sufficient for the

development of a stable microalgal-bacterial consortium.

The main objective of the research reported in this study was to monitor

the evolution and the composition of microalgal-bacterial consortia treating

real municipal wastewater with the focus on the role of the initial microalgal
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inoculation. To this end, two identical photobioreactors were started-up and

fed with real municipal wastewater; one reactor (named RC) was initially inocu-

lated with Chlorella vulgaris (C. vulgaris) while the other (named RW) was not

inoculated. The phase of acclimation was monitored for three months with flow

cytometry (FCM), from the first days of feeding and until steady state conditions

were reached.

Microalgal-bacterial consortia are complex microcosms and FCM is a useful

tool to interpret changes in biomass composition and characteristics (Luo et

al., 2018). FCM’s main advantages are: (i) an accurate multi-parametric analysis

and (ii) short analysis time.

In this research, FCM was used to characterize qualitatively and quantitatively

the composition of the microalgal-bacterial consortia that developed in RC and

RW. In addition, the effluents of the reactors were also analyzed to evaluate

which kind of populations left the system and to what extent. Photosynthetic

microorganisms were distinguished by their red autofluorescence (dark red

in microalgae, orange/red in cyanobacteria) while bacteria were marked with

green fluorescence (using SYBR-Green I). The microalgal-bacterial consortia

composition was compared to evaluate whether the initial inoculum of C. vul-

garis was able to remain in RC or was gradually and spontaneously replaced by

photosynthetic microorganisms entered with the influent wastewater.

In view of the full-scale application, this study contributes to unravelling the

role of initial microalgal inoculation on the start-up of photobioreactors and the

development of a microalgal-bacterial consortium that treats real wastewater.

5.2 Materials and Methods

5.2.1 Experimental set-up

Two identical photobioreactors (named RC and RW) were installed and run

in parallel as photo-sequencing batch reactors, according to the configuration

previously described in Chapter 3 (Figure 5.1). Briefly, the reactors had a
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working volume of 1.5 L. Mixers prevent the biomass from settling. A fluorescent

lamp provided a light intensity of 45 µmol m−2 s−1, with a photoperiod of 24

h/d. No mechanical aeration was provided. The reactors were operated at room

temperature (24±2.0◦C).

Except for the first week of acclimation without feeding, both reactors were

fed with the same municipal wastewater 3 times per week, with a volumetric

exchange ratio of 50% (0.75 L), resulting in a hydraulic retention time of about 4

days. Before discharge, solids were separated by a 1-hour sedimentation, which

favored the natural selection of settleable flocs (Hu et al., 2017).

As regards the treatment performance, both reactors ensured high removal

efficiency of organic matter, ammonium, and total suspended solids with no

statistically significant differences (Chapter 3).

5.2.2 Microalgal strain inoculated in RC

RC was initially inoculated with C. vulgaris and wastewater, while RW was

started only with wastewater, without an initial microalgal inoculum. C. vulgaris

was chosen because widely studied in regard to wastewater treatment (He et

al., 2013; Ryu et al. 2014; Gonçalves et al., 2016). Pre-inoculum growth was

conducted in Algae Broth medium modified by Allen (1952). The culture was

settled and used as inoculum in RC.

5.2.3 Influent municipal wastewater

Real municipal wastewater was collected after the primary sedimentation

of the full-scale WWTP Trento Nord (Trento, Italy). The average composition

of wastewater, indicated in Chapter 3, was in agreement with typical values

expected in pre-settled wastewater (Tchobanoglous et al. 2003). No filtration of

the wastewater was performed, so that microorganisms naturally present in the

influent entered both RC and RW, affecting the population dynamics.
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Figure 5.1 (A) Scheme of the photobioreactors operated as photo-
sequencing batch reactors and fed with real wastewater (B) Sample
collection timepoints for FCM analysis. Legend: RW: photobioreactor
started only with wastewater; RC: Photobioreactor inoculated at t=0
day with C. vulgaris and wastewater; FCM: flow cytometry.

5.2.4 Sampling

The reactors were monitored for 101 days, in order to observe the entire

acclimation period and a subsequent steady-state phase of some weeks.

Two types of samples were collected for FCM analysis from RC and RW (Figure

5.1): (1) the effluent wastewater discharged, after settling, at the end of the

cycles; (2) the mixed liquor (biomass) in the reactors. Samples were collected at

the beginning of the experiment (0 days), after the first week of acclimation in

batch (7 days) and then at regular intervals (every 10 days until day 47 and then
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every 21 days) as summarized in Figure 5.1B. Samples were immediately stored

at 4◦C in the dark until further processing. Starting from day 7, the settleability

was measured in both reactors in concomitance with sample collection for FCM

analysis.

Samples were collected in concomitance with sample of mixed liquor for high-

throughput sequencing (Chapter 4).

5.2.5 Sample preparation prior to FCM analysis

5.2.5.1 Pre-treatment of mixed liquor

The procedure applied here is in accordance to that described in Chapter

12.

Samples of mixed liquor were firstly diluted 1:5 v/v in Phosphate-Buffered-

Saline solution (PBS, 3 g K2HPO4, 1 g KH2PO4 and 8.5 g NaCl per Liter; pH = 7.2)

obtaining a volume of 100 mL that underwent ultrasonication to disaggregate

the small flocs that progressively formed in the reactors. Then, the sonicated

sample was further diluted 1:10 v/v in PBS. Finally, 1-mL was filtered on 20-µm

membrane (Celltrics, Sysmex Partec, Germany). The final dilution was 1:50

v/v, which made it possible to obtain an optimal cell concentration for FCM

analysis, around 109-1010 cells/L.

Ultrasonication was performed using a Branson 250 Digital Ultrasonifier (Emer-

son, USA) operating at 20 kHz, equipped with an immersed tip and a cold bath

to avoid increase in temperature of the sample during sonication.

In this investigation, the specific energy applied during sonication (Es) was 25

kJ L−1. Es was calculated by multiplying the applied power (expressed in W)

and the time of sonication (expressed in seconds) and dividing by the treated

volume (in L). Chapter 12 demonstrated that Es of 90 kJ L−1 is optimal to dis-

aggregate dense clusters in microalgal-bacterial consortia with a cell density

(bacteria + microalgae) higher than 1.0E+12 cells/L. Foladori et al. (2007; 2010)

indicated Es of 25 kJ L−1 as optimal for the pretreatment of raw and settled

wastewater with cell density of 1.0-2.0E+11 cells/L. The difference in these Es

levels was due to the fact that small aggregates in wastewater require a lower
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energy level for their dispersion without extensive cell destruction, while dense

flocs or granules, with size up to 1 mm, are strongly bonded and therefore higher

energy level is required. In our case, Es of 25 kJ L−1 was chosen because the cell

density during acclimation was expected to vary in the order of magnitude from

1.0E+09 to 1.0E+11 cells/L, not so different from that of raw wastewater tested

by Foladori et al. (2007). To be noted is that at the beginning of the experiment

mixed liquor of reactors consisted of wastewater (RW) and wastewater plus

C.vulgaris (RC). The application of Es of 25 kJ L−1 made it possible to disperse

the small aggregated cells without destroying them.

5.2.6 Pre-treatment of effluents

Effluent samples were not pre-treated. Dilution was not necessary; only in

rare cases, with a particularly turbid effluent (i.e. Effluent from RW at day 38) a

dilution 1:50 v/v in PBS was performed. An aliquot of 1 mL was only filtered at

20-µm to prevent clogging of the nozzle in the flow cytometer.

5.2.7 Flow cytometry

FCM analyses were performed with an Apogee-A40 flow cytometer (Apogee

Flow Systems, UK) equipped with an Argon laser (excitation wavelength at 488

nm). Green fluorescence (Channel FL1) was collected at λ=515-545 nm. Red

fluorescence (Channel FL3) was collected at λ ≥ 610 nm. Data acquisition was

set on green and red fluorescence distributions, to eliminate the noise produced

by non-fluorescent particles or debris, which passed the 20-µm filtration.

As discussed in Chapter 12, microalgae can be distinguished from bacteria

using red and green fluorescence, and two scattering signals (FALS, Forward

Angle Light Scattering and LALS, Large Angle Light Scattering). For each sample,

two aliquots were processed as follows:

1) An unstained sample was immediately analyzed and served to detect

microalgae. Photosynthetic microorganisms emit red autofluorescence

produced by their natural pigments therefore can be easily detected with-
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out staining the sample. In addition, microalgal cells produce high values

of FALS and LALS that can be well recognized in the scattering hystograms

(Chapter 12);

2) A sample was stained to detect bacteria. Since bacteria are not fluorescent,

they can be detected only after staining with fluorescent dyes. In addi-

tion, bacteria are smaller than microalgal cells and thus produce a lower

intensity in the FALS and LALS hystograms (Chapter 12). SYBR-Green I

(SYBR-I; λex = 495 nm, λem = 525 nm; Thermo Fisher Scientific, USA) was

used for cell staining. SYBR-I is a DNA-specific fluorescent dye producing

green fluorescence. An amount of 10 µL of dye, after dilution 1:30 v/v of

commercial stock in dimethyl sulfoxide (DMSO, Merck, Germany), was

added to 1 mL of the cell suspension and incubated at room temperature

for 15 min in the dark.

Microalgae were identified in the unstained sample, as red cells in the FL1-

FL3 cytogram gated by high FALS and LALS intensity. Conversely, bacteria were

identified in the stained sample as green cells in the FL1-FL3 cytogram gated by

the low FALS and LALS intensity.

For each analysis, more than 20,000 cells were enumerated. Cell concentration

was recorded in events/µL and then expressed in cells/L taking into account

the dilution of the analyzed sample. FCM data were analyzed using Apogee

Histogram Software (Apogee Flow Systems, UK).

5.2.8 Analytical methods

Chemical Oxygen Demand (COD) and Total Suspended Solids (TSS) were

analyzed according to Standard Methods (APHA, 2012). Settleability was mea-

sured according to the standard methods for Settleable Solids (APHA, 2012).

DO and temperature were recorded every 15 min using OXI340i meters coupled

with the sensor CellOx®325 (All from WTW, Germany).

A SQ-520 quantum sensor (Apogee Instruments, USA) was used to measure

light intensity as photosynthetically active radiation (PAR).
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5.3 Results and Discussion

5.3.1 Qualitative comparison of biomasses in the reactors

In Figure 5.2, the cytograms FL1-FL3 compare reactors RC and RW with

regard to the subpopulations of microalgae (detected in unstained samples,

1st and 3rd columns in Figure 5.2) and bacteria (in stained samples, 2nd and

4th columns in Figure 5.2) at days 0, 7, 38 and 80. Microalgae (both eukaryotic

microalgae and prokaryotic cyanobacteria) contain photosynthetic pigments

that may have different levels of auto-fluorescences but mainly emitting in the

red field (high FL3 intensity). Bacteria are stained with SYBR-I and emit green

fluorescence (high FL1 intensity).

At the beginning of acclimation (0-7 days in Figure 5.2), only RC, inoculated

with C. vulgaris, was characterized by a population of cells emitting red fluores-

cence. In RW microalgae were negligible and only the bacteria naturally present

in wastewater formed a well-defined population.

Despite no microalgal inoculation in RW, just after 7 days of acclimation a small

population of microalgae was detected, which became broader at day 38 (Figure

5.2). The population of microalgae that established in RW was different to that

in RC. As shown in the cytograms in Figure 5.2 (1st and 3rd columns), at 38 days,

the photosynthetic cells (Unstained samples) in RW were in a different position

with respect to those in RC, which meant that they were characterized by a

remarkably different red intensity. Microscopic observations of RW biomass

identified the presence of some Chlorella and filamentous microalgae (Chapter

3).

Over time in both reactors the consortia organized into a granular structure

and flocs enriched in filamentous photosynthetic microorganisms (especially

cyanobacteria), in which C. vulgaris was only a minor group. Comparing the

cytograms of the last period of acclimation (Figure 5.2, day 80), the popula-

tions of microalgae and bacteria that established in RC and RW, were similar.

As regards the bacteria population, FL1 intensity of bacteria remained quite

similar in both reactors and along the acclimation period (Figure 5.2, 2nd and

4th columns). Over time, only a broader shape was observed (Figure 5.2, day
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Figure 5.2 Cytograms of the microalgal-bacterial consortia (biomass)
in RC and RW during acclimation. Photosynthetic cells and bacteria are
detected in FL1 (green fluorescence) - FL3 (red fluorescence) dot plots.
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80), which may indicate a wider diversity in the community.

5.3.2 Quantitative comparison of biomasses in the reactors

During acclimation the concentration of bacteria in the biomass of both

reactors increased progressively over time (Figure 5.3A). Bacteria concentration

in RC, inoculated with C. vulgaris, was always higher than in RW. During the

entire experimentation, the average bacteria concentration was 4.3E+11 cells/L

in RC and 2.8E+11 cells/L in RW. This was matched by TSS concentrations,

always higher in RC than RW (Chapter 3).

Over time, the dynamic of the bacterial population was similar in both reactors

(Figure 5.3A). During the first 20 days, the concentration varied slowly in both

RC and RW. Thereafter, the concentration increased rapidly, at a rate of about

1.2E+10 cells L−1 d−1 (calculated as the slope of experimental data in Figure

5.3A).

At the end of the experimentation, the bacteria concentrations were compa-

rable, resulting 1.1E+12 cells/L in RC and 0.8E+12 cells/L in RW. To be noted

is that the growth of heterotrophic bacteria is related to COD removal. Both

systems showed no significant differences in the treatment of organic matter,

with high COD removal efficiency. Except for the first week of acclimation, the

average COD removal was 89±5% in RC and 89±7% in RW (Chapter 3).

The growth of heterotrophic bacteria depended on the removed organic load.

Consequently, because the removed loads were similar, also the growth curves

were quite parallel (Figure 5.3A). Therefore, it can be concluded that the in-

oculum of C. vulgaris did not significantly affect organic matter removal and

the growth curves of bacteria in RC and RW. These observations have been

confirmed by García et al. (2018) and by Su et al. (2012), who reported similar

COD removal with different inocula of microalgae and activated sludge.

With regard to microalgae (Figure 5.3B), the concentration was higher in RC

because of the initial inoculation of C. vulgaris. At the beginning, microalgae in

RC (2.8E+09 cells/L) were 30 times more numerous than in RW (9.3E+07 cells/L).

Then, during acclimation, the wastewater-born microalgae spontaneously grew
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C

Figure 5.3 Biomass concentrations in RC and RW during acclimation:
(A) bacteria, (B) microalgae, (C) microalgae/bacteria ratio.
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in RW and their number gradually increased. However, microalgae in RW never

reached the concentration recorded in RC. At the end of the experimentation,

microalgae in RC (1.4E+07 cells/L) were only 1.4-fold those in RW (1.0E+07

cells/L).

To be noted is that the growth of microalgae (Figure 5.3B) was slower than the

growth of bacteria (Figure 5.3A). The reason was a self-shading effect. The rapid

growth of heterotrophic bacteria and the accumulation of inert material in the

flocs resulted in an increase of floc size that limited the light penetration and

thus the photosynthetic activity and the microalgal metabolism.

In Figure 5.3C, the ratio of microalgae to bacteria over time is shown. The high

percentage of microalgae initially inoculated in RC, progressively diminished

(Figure 5.3C). At the end of acclimation, the microalgae/bacteria ratio was

comparable in the two reactors.

Therefore, the initial microalgal inoculation in RC was unnecessary. Moreover,

microalgae naturally entering with the influent wastewater even if in small

amounts, were able to adapt and grow as demonstrated by the increase in mi-

croalgal cells in RW (Figure 5.3B). However, native microalgae in RW were not

able to reach the concentration of RC.

5.3.3 Qualitative comparison of effluent wastewater from the

reactors

Figure 5.4 shows the cytograms FL1-FL3 of the effluent wastewater from

RC and RW during the acclimation.

With regard to the effluent microalgae (unstained samples, 1st and 3rd columns

inFigure5.4),theshapeofthepopulationschangedsignificantlyovertimein

both reactors, indicating an important shift in the amount and composition. At

day 7, two small sub-groups were detected in both RC and RW effluents; while

at day 38 a major group dominated in RC effluent. At the end of acclimation

(day 80) only a small amount of microalgae left the reactors with the effluents,

without evidence of particular subgroups. In fact, the consortia inside the re-

actors evolved towards a stable structure of dense flocs with good settleability,
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Figure 5.4 Cytograms of the effluent wastewater from RC and RW dur-
ing acclimation. Photosynthetic cells and bacteria are detected in FL1
(green fluorescence) - FL3 (red fluorescence) dot plots.
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resulting in a very low concentration of microorganisms in the effluents (Chap-

ter 3).

As regards effluent bacteria, the cytograms (stained samples, 2nd and 4th

columns in Figure 5.4) indicate a change in the composition over time in

both reactors. Although the bacteria in the effluents of RC and RW had a dif-

ferent evolution during the acclimation, at day 80 the sub-groups of effluent

bacteria were similar in RC and RW effluents.

5.3.4 Quantitative comparison of effluent wastewater from

the reactors

The concentrations of bacteria and microalgae in the effluent wastewater

during the acclimation period are shown in Figure 5.5.

The concentrations of microorganisms in the effluents of RC and RW differed

greatly during the first 38 days (Figure 5.5A-B). A large part of microalgae, in

particular, left RC (Figure 5.5B).

As shown in Figure 5.5B, effluent microalgae from RW were quantitatively

negligible during the entire experimentation (2.2E+08 cells/L on average). Con-

versely, the initial suspension of C. vulgaris in RC was characterized by low

settleability that did not allow its permanence in RC. C. vulgaris has negatively

charged surface and colloidal stability in suspension (Barros et al., 2015) there-

fore is not able to aggregate in flocs and settle. In fact, in the first 20 days the

effluents of RC had a bright green color (Figure 3.5). During the first 20 days,

the photosynthetic cells (mainly C. vulgaris) leaving RC with the effluent were

2.8-3.7E+09 cells/L, one order of magnitude higher than RW (Figure 5.5B).

Other authors have also reported on small unicellular microalgal species (like

Chlorella spp.). inoculated in photobioreactors that gradually left the systems

because of poor settleability and low flocculation capacity (Arango et al., 2016;

Muñoz and Guieysse, 2006; Barros et al., 2015).

Together with C. vulgaris, also a significant number of bacteria left RC during

the first 20 days (effluent bacteria were 2.3-3.6E+10 cells/L; Figure 5.5A). Con-

trarily, the concentration of bacteria in the effluent of RW was one order of
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magnitude lower (3.7-9.4E+09 cells/L).

The high presence of bacteria in the effluent of RC could be associated with

the high pH values (up to 10 in the first 20 days, Chapter 3) in RC caused by

an intense photosynthetic activity of C. vulgaris that may have generated a

selective pressure on bacteria (Krustok et al., 2015).

High values of pH may cause difficulties in adaptation of heterotrophic bacteria

and even inhibit bacterial growth (Muñoz and Guieysse, 2006; Choi et al., 2010).

Choi et al. (2010) reported a delay in the growth of nitrifiers and thus in the

development of nitrification in reactors inoculated with microalgae. A similar

behavior was observed during this experimentation and has been discussed in

detail in Chapter 3 and 4.

In RC, the selective pressure caused by high pH values (high photosynthetic

activity), may have hindered the floc formation and favored the outflow of free

bacterial cells. Conversely, in RW, without an initial algal inoculum, microalgae

needed more time to grow (Figure 5.3B) and pH never exceed 9. Therefore,

bacteria grew without specific limitations from the outset.

At day 38, a worsening in settleability (turbid supernatant, Chapter 3) occurred

in RW, resulting in a biomass washout from the reactor. As shown in Figure

5.5, microalgae and bacteria in the effluent reached a peak at day 38, and the

concentrations increased up to 4.9E+10 cells/L for bacteria and 1.2E+09 cells/L

for microalgae. Interestingly, this corresponded to a worsening in the removal

efficiency of TKN at day 40 (Chapter 4).

Compared to the biomass concentrations in the reactors (Section 5.3.2), each

discharge of the effluent resulted in a washout of 10% of bacteria and 19%

of microalgae. This strong selective pressure favored the permanence in the

reactors of the microorganisms embedded in settleable flocs, while floating

cells, free in the bulk liquid, left the systems with the effluents. Therefore, with

time the growth of flocculent microorganisms structured in dense aggregates

was enhanced.

At day 48, the concentrations of microalgae and bacteria leaving the systems

decreased drastically in both RC and RW (Figure 5.5A-B). This corresponded to

a concomitant enrichment of bacteria in both reactors (see Figure 5.3A).
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Figure 5.5 Biomass concentrations in the effluent wastewater from RC
and RW during acclimation: (A) bacteria , (B) microalgae, (C) microal-
gae/bacteria ratio.
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At the end of acclimation, the effluent from RC matched the effluent concentra-

tions of bacteria and microalgae from RW. As shown in Figure 5.5C, the ratio of

microalgae to bacteria in the effluent became similar from day 48 onward.

5.4 Conclusion

The evolution and the composition of two microalgal-bacterial consortia

developed in photobioreactors treating real municipal wastewater and started

with (RC) or without (RW) initial microalgal inoculation (C. vulgaris) were

investigated with flow cytometry.

At the beginning of the acclimation microalgae were present only in RC

because inoculated with C. vulgaris. FCM analysis revealed that microalgae

spontaneously developed inside RW just after 7 days of acclimation. Microalgae

in RC resulted always higher than RW, however they decreased passing from

an initial concentration 30 times higher than RW to 1.4 times at the end of the

experimentation.

Bacterial population in both reactors presented a very slow growth during the

first 20 days. Afterwards, they increased at a rate of about 1.2E+10 cells L−1

d−1. Concomitantly, the concentrations of microalgae and bacteria leaving the

systems decreased drastically. During the first 20 days, the effluent of RC was

characterized by high concentration of microalgae, mainly C. vulgaris, due to

their low settleability. With time, the settling phase favored in both systems the

exit of floating cells, free in the bulk liquid, while flocculent microorganisms

organized in flocs enriched in filamentous photosynthetic microorganism.

At the end of the acclimation, the microalgal-bacterial consortia established in

both reactors presented similar characteristic and were characterized by low

solids concentrations in the effluents.

Overall, this study show that microalgae can spontaneously develop and

established in photobioreactors, entering the system with the real wastewater.

The inoculated microalgae (C. vulgaris) left the system because characterized

by low settleability. At the same time their influence on bacterial grow was
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limited. In fact, both systems presented a similar bacterial population at the

end of the experimentation. Therefore, it can be concluded that initial mi-

croalgal inoculation to start-up photobioreactors treating real wastewater is

unnecessary.
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This Chapter provides a comprehensive picture of the performances of a stable

wastewater-borne microalgal-bacterial consortium acclimatized for 2 years in a lab-

scale photo-sequencing batch reactor. This reactor, called Pilot, represents the core of

the research activity and it worked for the entire experimentation. The feasibility to

treat real municipal wastewater through photosynthetic aeration, was demonstrated.

The removal mechanisms involved were analyzed. Biomass macrostructure and good

settling properties were shown. The central role of light was stated together with the

necessity of redefine process parameters consolidated for activated sludge (such as

kinetics and optimal biomass concentration).

Some topics deepened in the next Chapters are briefly introduced:

- Improvement of total N removal and opportunities for energy saving (Chapter 7 );

- Online parameters for real-time control of the process (Chapter 8);

- Effect of HRT and sunlight on the treatment performance (Chapter 9);

- Optimal TSS content to ensure high ammonium removal rate (Chapter 10);

- Measurement of the removal kinetics (Chapter 11).

This Chapter is based on:

Petrini S., Foladori P., Andreottola G., 2018. Laboratory-scale investigation on the role

of microalgae towards a sustainable treatment of real municipal wastewater. Water

Science and Technology 78, 1726-1732. https://doi.org/10.2166/wst.2018.453
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Abstract

Engineered microalgal-bacterial consortia are an attractive solution towards a low-

cost and sustainable wastewater treatment that does not rely on artificial mechanical

aeration. In the research conducted for this study, a bench-scale photo-sequencing-

batch reactor (PSBR) was operated without external aeration. A spontaneous consor-

tium of microalgae and bacteria was developed in the PSBR at a concentration of 0.8-1.7

g TSS/L. The PSBR ensured removal efficiency of 85±8% for COD and 98±2% for Total

Kjeldahl Nitrogen (TKN). Nitrogen balance revealed that the main mechanisms for TKN

removal was autototrophic nitrification, while N assimilation and denitrification ac-

counted for 4% and 56%, respectively. The development of dense microalgal-bacterial

bioflocs resulted in good settleability with average effluent concentration of 14±17

mg TSS/L. The ammonium removal rate was 2.9 mg N L−1 h−1, which corresponded

to 2.4 mg N g TSS−1 h−1. Although this specific ammonium removal rate is similar to

activated sludge, the volumetric rate is lower due to the limited TSS concentration (3

times less than activated sludge). Therefore, the PSBR footprint appears less compet-

itive than activated sludge. However, ammonium was completely removed without

artificial aeration, resulting in a very cost-effective process. Only 50% of phosphorus

was removed, suggesting that further research on P uptake is needed.

6.1 Introduction

The conventional wastewater treatment plants (WWTPs), based on the

activated sludge configuration, ensure high efficiency in pollutant removal.

However, WWTPs are today facing some serious issues: (1) large energy con-

sumption, mainly associated with mechanical aeration of bioreactors; (2) in-

creasing amounts of excess sludge, which cause expenditures for treatment and

disposal, and environmental impacts; (3) Greenhouse Gases (GHG) emissions

like CO2, CH4 and N2O, which contribute to the growing problem of global

warming.

In regard to energy consumption, WWTPs have been estimated to use about

1% of the national electricity consumption (Cao, 2011; Shen et al., 2015; Zhang

et al., 2016). A large amount of the energy is used in WWTPs to meet stringent
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targets on effluent water quality. At the same time, since energy mainly origi-

nates from fossil sources, WWTPs contribute to climate change. In this context,

actions aimed at maintaining good quality effluents but reducing WWTP energy

consumption are imperative.

As regards excess sludge production, restrictions in disposal routes may occur

in many countries, leading to a progressive increase in costs. Sludge treatment

and disposal may generate expenditures from 250e to more than 1000e per

tonne of dry mass (mean 470±280e/t in European countries; Foladori et al.,

2010a).

These aspects entail a paradigm shift in the configurations of conventional

WWTPs towards solutions that are more environmentally and economically

sustainable. A promising emerging alternative to treat wastewater is to couple

bacteria with microalgae (Judd et al., 2015). In fact, in the presence of light,

through photosynthesis, microalgae produce oxygen to support bacterial activ-

ity (oxidation of organic matter and ammonium), contribute to CO2 mitigation

by photosynthetic fixation, and permit nutrients recycling by assimilation of N

and P. In return, bacteria produce carbon dioxide, which is essential for pho-

tosynthesis. The exploitation of microalgal-bacterial symbiosis, together with

sunlight, may lead to a low- or no-energy treatment process that does not rely

on artificial mechanical aeration (Quijano et al., 2017), resulting in a process

more sustainable than WWTPs based on activated sludge (Molinuevo-Salces et

al., 2010).

Among the best-known systems based on microalgal-bacterial consortia, high

rate algal ponds (HRAPs) are the most widespread. HRAPs are open shallow

ponds with long Hydraulic Retention Times (HRTs, 3-10 d) and low depth (0.1-

0.3 m) (Posadas et al., 2015). Although they are characterized by low-energy

consumption compared to conventional WWTPs (Godos et al., 2009), they re-

quire a large use of land (Gonzalez-Fernandez and Muñoz, 2017). This high

footprint is the major drawback in countries where land is scarce and expensive.

Moreover, HRAPs can only be controlled to a limited extent, so that efficient N

removal may be difficult to achieve in sensitive areas.

Closed photobioreactors (PBRs) make it possible to overcome these limitations
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because: (1) they can be built vertically to minimize land requirements, and

(2) the process conditions can be easily controlled to guarantee high pollutant

removals and efficient nitrification (Karya et al., 2013; Muñoz and Guieysse,

2006). In recent years, engineered PBRs have gained increasing attention in the

treatment of municipal wastewater (Su et al., 2011) since they could become a

cost-effective and sustainable solution in the future.

At the moment, there are only few studies on wastewater-borne microalgal-

bacterial consortia developed in PBRs (Kang et al., 2018). Therefore, little is

known about the removal process and the operational aspects of these systems.

Indeed, a more detailed knowledge is required about: (i) kinetics of biomass, (ii)

efficiency of separation between biomass and treated wastewater, (iii) energy

savings, (iv) sludge production.

The aim of this study is to provide a comprehensive picture of the performances

of a stable wastewater-borne microalgal-bacterial consortium acclimatized

for two years in a bench-scale sequencing PBR (PSBR) treating real munici-

pal wastewater. Since no external aeration was provided, oxygen was supplied

only by microalgal photosynthesis. Instead of exploiting sunlight, artificial light

was supplied in order to guarantee a constant light intensity and a stable pho-

toperiod. In this way, the influence of daylight variations was avoided and the

interpretation of data was easier.

The focus was on the following key factors that affect the entire performance of

the PBRs and the sustainability of the process: (1) removal efficiencies of Chemi-

cal Oxygen Demand (COD), Total Kjeldahl Nitrogen (TKN) and total phosphorus

with the aim of meeting the EU discharge limits; (2) biomass macrostructure

and settling properties; (3) kinetics of ammonium removal; (4) online parame-

ters, such as dissolved oxygen (DO) and pH, for real-time control of the process;

(5) opportunities for energy saving.
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6.2 Materials and Methods

6.2.1 Influent wastewater

Influent pre-settled wastewater was collected from a full-scale municipal

WWTP (Trento Nord plant, Italy). No filtration of the wastewater was performed;

in this way, the microorganisms naturally present in the influent wastewater

acclimatized, resulting in a microalgal-bacterial consortium.

6.2.2 Photo-sequencing batch reactor

A bench-scale cylindrical photobioreactor (Colaver, Italy) with a working

volume of 2 L was used (Figure 6.1). The system was operated as a sequencing

batch reactor (PSBR) equipped with peristaltic pumps(Kronos Seko, Italy), a

magnetic mixer (AGE, Velp, Italy) and a lamp (8 led x 0.5 W; Orion, Italy) con-

trolled by timers (TR 612 top2, Theben, Germany) .

The mixer was set at 200 rpm to ensure mixing and prevent the biomass from

settling. Sunlight entered the laboratory but the reactor was never directly

exposed. In fact, light was supplied by a cool-white lamp. The light intensity

provided, measured as photosynthetically active radiation (SQ-520 quantum

sensor, Apogee Instruments, USA), was 25±5 µmol m−2 s−1. The photoperiod

was set at 16 h of light and 8 h of dark.

The PSBR cycle (48 h) comprised 4 four phases: (1) Feed, 0.08 h; (2) React, 47.5

h; (3) Settlement, 0.5 h; (4) Draw, 0.08 h. The React phase consisted of two

photoperiods of 16 h light/8 h dark, resulting in a sequence of periods with high

and low DO values. Wastewater was fed at rate of 0.7 L/cycle resulting in a HRT

of 5.6 d. No external aeration was provided, so that oxygen was supplied only

by photosynthesis. Temperature of mixed liquor was 22.2◦C on average during

the 7-month experimentation.
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6.2.3 Microalgal-bacterial consortium

Microscopic observations were performed using a Nikon Labophot EFD-3

Microscope equipped with epifluorescence apparatus (Nikon, Japan). Obser-

vations under blue and green light excitation were used to distinguish: (1)

photosynthetic microorganisms, emitting red autofluorescence due to their

pigments; (2) heterotrophic bacteria emitting green fluorescence after stain-

ing with SYBR-Green I (Invitrogen, USA). The biomass naturally developed

in the PSBR consisted of a consortium of eukaryotic microalgae, prokaryotic

cyanobacteria and bacteria, acclimatized for a two-year period (2016-2017).

Total suspended solids (TSS) were maintained in the PSBR at a concentration

ranging from 0.8 g TSS/L to 1.7 g TSS/L (average TSS of 1.2 g TSS/L during the

7-month experimentation).

6.2.4 Analytical methods

Analyses of total COD, TSS, TKN, NH+
4 -N, NO−

2 -N, NO−
3 -N, total P and PO3−

4 -

P were performed on influent and effluent wastewater according to Standard

Methods (APHA, 2012). Soluble COD (sCOD) was measured after filtration

on 0.45-µm-membrane. The analysis of TSS was also used to determine the

Figure 6.1 Scheme of the PSBR.
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biomass concentration in the PSBR. DO, pH and temperature were measured

continuously with online probes (Multi3410 and pH3310 meters, WTW, Ger-

many). Track studies were performed in the PSBR to measure the profiles of N

forms during a typical cycle. Samples were collected every hour, then filtered

and analyzed for N-forms.

6.3 Results and Discussion

6.3.1 High removal efficiency of COD and TKN

The microalgal-bacterial consortium in the PSBR resulted in a very effective

symbiotic collaboration. Oxygen supplied by microalgal photosynthesis met

the biological demand for the oxidation of the influent compounds. Therefore a

very high removal efficiency of COD and TKN was achieved, 85±8% and 98±2%,

respectively. The mutualistic relationship between bacteria and microalgae

sustained the organic matter removal and nitrification without mechanical aer-

ation being necessary. At the same time, the CO2 resulting from organic matter

decomposition by bacterial activity, was available for microalgal photosynthe-

sis. In this way, wastewater biodegradation was achieved without an external

supply of both O2 and CO2, while decreasing CO2 emission from wastewater to

atmosphere. The profiles of influent COD and effluent sCOD concentrations,

during the 7-month experimentation, are shown in Figure 6.2A. The influent

COD of 262±97 mg/L on average was reduced to 33±8 mg COD/L in the efflu-

ent, largely meeting the EU discharge limit (125 mg COD/L, according to EU

Directive 91/271/EEC).

TKN concentration diminished from 54±18 mg TKN/L on average in the pre-

settled wastewater to 1.0±0.8 mg TKN/L and 0.6±1.0 mg NH+
4 -N/L in the ef-

fluent (Figure 6.2B). Despite the strong fluctuation of the influent TKN con-

centration, which surpassed 100 mg TKN/L, a complete and stable nitrification

occurred in the PSBR during all the 7 months of experimentation. Nitrites were

negligible (0.1±0.4 mg NO−
2 -N/L) in the effluent, while nitrates were 13.7±8.7

mg NO−
3 -N/L on average. Based on nitrogen balance in the PSBR, the mech-
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anisms of TKN removal were: (1) biomass assimilation, which accounted for

approximately 4% of removed TKN, (2) autotrophic nitrification, which con-

verted all the remaining TKN into nitrate. Then heterotrophic denitrification

during phases at zero-DO accounted for 56%. A fourth potential mechanism of

N removal could be ammonia volatilization, but it was excluded because pH

in the PSBR was 7.6±0.3 on average, and thus not high enough to support the

stripping. The high concentration of ammonium in municipal wastewater is an

ideal substrate for microalgae and cyanobacteria (Krustok e al., 2016), but the

major mechanism for TKN removal in the PSBR was autotrophic nitrification.

The percentage of TKN removed through biomass assimilation was very low

(4%) because the microalgal processes designed for wastewater treatment (like

this PSBR) are associated with low excess sludge production in comparison with

processes aimed at maximizing the algal biomass productivity and harvesting.
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6.3.2 Dense flocs of microalgae and bacteria ensured good

settleability

A microalgal consortium treating unsterilized real wastewater would in-

evitably contain a mixed community of microalgae, bacteria and cyanobacteria

(Arango et al., 2016; Kang et al., 2018). Microscopic observations of the micro-

bial community spontaneously developed in the PSBR showed the presence

of Chlorella spp., Diatoms spp. and filamentous cyanobacteria embedded in

dense flocs together with a large amount of heterotrophic bacteria (Figure 6.3).

Green and red fluorescence (Figure 6.3B) indicate the composition of the flocs:

(i) green cells represent heterotrophic bacteria, stained with SYBR-Green I, (ii)

red cells correspond to photosynthetic microorganisms because of red autoflu-

orescence linked to photosynthetic pigments.

The structure of the microalgal-bacterial consortium results in an ideal self-

sustaining system where oxygen was produced by photosynthetic microorgan-

isms and immediately used by the adjacent heterotrophic bacteria. Moreover,

the presence of dense microalgal-bacterial bioflocs ensured good settleability

properties with an average effluent TSS concentration of 14±17 mg TSS/L.

Various studies have reported wastewater treatment with microalgal-bacterial

consortia better than with single bacterial or algal systems, with the further

advantage of lower biomass harvesting cost compared to algal systems alone

(Muñoz et al., 2005; Su et al., 2011; Liu L. et al., 2017).

Figure 6.3 Structure of the microbial community: (A) flocs under visi-
ble light; (B) flocs composed by photosynthetic microorganisms (red
fluorescence) and heterotrophic bacteria (green fluorescence).
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6.3.3 Profiles of N forms during the typical PSBR cycle and

online parameters (DO, pH)

Track studies were performed to monitor the profiles of NH+
4 -N, NO−

2 -N,

NO−
3 -N during a typical cycle after the addition of influent wastewater (Figure

6.4). In the light phase, ammonium was removed rapidly. In the track study in

Figure 6.4A, ammonium decreased from the initial concentration of 13.8 mg

NH+
4 -N/L to zero in approximately 6 hours. At the same time, the concentration

of NO−
3 -N increased by 9.0 mg NO−

3 -N/L (Figure 6.4A). Therefore, a partial

simultaneous nitrification-denitrification was observed in the PSBR because

of local anoxic conditions that occur within the dense microalgal-bacterial

aggregates or during phases with DO near zero (Figure 6.4B).

The ammonium removal rate was calculated by considering the slope of the

straight line that interpolates the experimental NH+
4 -N concentrations over

time. In the track study shown in Figure 6.4, the volumetric rate resulted 2.9

mg N L−1 h−1, which corresponded to a specific rate of 2.4 mg N g TSS−1 h−1 at

TSS concentration of 1.2 g TSS/L.

Ammonium removal occurred during the light phase and without external aera-

tion. Oxygen was produced continuously in the system due to photosynthetic

activity. However, in the presence of a high oxygen demand for ammonium oxi-

dation, DO concentration in the bulk liquid was close to zero for several hours

(Figure 6.4B). The real-time measurements of DO and pH made it possible to

identify the complete removal of ammonium (Chapter 8). In particular, two

simultaneous characteristic points were detected : (1) the “Ammonia Valley”

which is a relative minimum in the pH profile; (2) the “DO breakpoint” which

corresponds to a sudden increase in the DO profile not caused by a higher

irradiation.

Comparing the ammonium removal rate of the PSBR with conventional acti-

vated sludge-based processes, the following aspects can be observed:

- the specific ammonium removal rate (in terms of mg N g TSS−1 h−1) was

similar to the typical nitrification rate assumed for activated sludge. Al-

though algal process may present slow biokinetics (Judd et al., 2015), here
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the ammonium removal was supported by autototrophic nitrification;

- the TSS concentration in the microalgal-bacterial consortium was 1.2 g

TSS/L on average, approximately three times less than activated sludge;

- the volumetric ammonium removal rate (in terms of mg N L−1 h−1) was

significantly lower than activated sludge, so that the PSBR appears less

competitive in terms of foot-print;

- the major advantage of the PSBR process is that ammonium was com-

pletely removed without external energy supply, resulting in a very cost-

effective process.

6.3.4 Improvement of total N removal can be coupled with

energy saving

Effluent nitrates from the PSBR remained relatively high, reaching an av-

erage concentration of 13.7±8.7 mg N/L in the experimentation. These values

did not permit to reach the effluent total nitrogen (TN) of EU regulation for

sensitive areas, which imposes a maximum annual average of 10 or 15 mg N/L

depending on the Population Equivalent. Therefore, nitrate removal needed to

be improved through optimization of denitrification, especially during dark pe-

riods when photosynthesis does not occur and anoxic conditions can take place.

As discussed in details in Chapter 7 the applied strategies were: (1) feeding of in-

fluent wastewater during the dark periods, in order to couple the availability of

COD and anoxic conditions; (2) reduction of mixing during the dark periods. In

this way, TN concentration in the effluent was lowered to 6.3±4.4 mg N/L, which

enabled compliance with the European Directive (Chapter 7). Alternatively,

another interesting approach could be the implementation of a shortcut N-

removal (Wang et al., 2015). In this case the temporary accumulation of nitrites,

which occurs in the final part of ammonium removal (as shown in Figure 6.4B),

could be exploited to shortcut the conventional nitrification/denitrification

process, obtaining benefits in terms of energy and carbon supply.
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Figure 6.4 Track study during a typical cycle: (A) profiles of NH+
4 -N,

NO−
2 -N and NO−

3 -N ; (B) profiles of online parameters DO and pH.

6.3.5 Limited removal efficiency of phosphorus due to low

sludge production

As regards phosphorus, only an average removal of 50±19% was achieved in

the PSBR during the 7-months of experimentation. The influent concentration

passed from an average of 4.7±1.8 mg P/L to an average of 2.3±0.9 mg P/L in

the effluent (Figure 6.5). To guarantee effluent TP under EU discharge limits
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for sensitive areas (maximum annual average of 1 or 2 mg N/L depending

on the Population Equivalent), the removal should be improved. This is an

open issue that requires further research. The algal systems are expected to

incorporate a significant amount of P for their synthesis (Powell et al., 2008),

but in this PSBR the synthesis of biomass was limited. Considering the excess

sludge production in the PSBR of 0.03 g TSS/d, the direct consequence is a

limited P uptake from wastewater. Other findings in the literature highlight that

photobioreactors aimed at purifying wastewaters according to low discharge

limits usually present lower applied loads and longer retention times, and thus

excess sludge production is low (Judd et al., 2015).
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Figure 6.5 Total P concentration in the influent wastewater and PO3−
4 -P

in the effluent.

6.3.6 Towards a cost-effective and sustainable wastewater

treatment based on wastewater-born

microalgal-bacterial consortium

This study has shown that the photosynthetic activity, able to produce

a sufficient amount of oxygen to support COD and TKN removal, is the key

variable of the process. Thus, light is a new factor to take into account, while

DO concentration is not so meaningful when it is near zero for a long period of

the cycle. Photosynthetic aeration is a very promising alternative in place of the

mechanical aeration used in activated sludge. Furthermore, the challenge of
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applying a PSBR system is to exploit daylight, since it is a renewable energy and

the cheapest and most sustainable option (Chapter 9). However, there is still

much to understand. Process parameters, consolidated for activated sludge,

need to be redefined in the microalgal-bacterial consortia. In particular, further

research is required to assess kinetic parameters (Chapter 11) and the optimal

TSS content in PSBRs in order to avoid self-shading but increase the volumetric

kinetics (Chapter 10).

6.4 Conclusion

The microalgal-bacterial consortium proved to be effective for real munici-

pal wastewater treatment.

In particular:

• Photosynthetic oxygenation produced by a constant irradiation for 16

h/d (with intensity lower than natural solar irradiation), is sufficient to

sustain complete nitrification and oxidation of organic compounds;

• The nitrification rate of the microalgal-bacterial consortium is compa-

rable to that of mechanically aerated conventional processes (activated

sludge);

• The system ensures high removal efficiency of COD and modest P re-

moval;

• The biomass is characterized by good settleability.
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Supplementary material

Here is reported a brief comment on the wastewater treatment performances of

the Pilot, recorded from November 2016 to November 2018.

These results were presented at the 16th IWA Leading Edge Conference on Water and

Wastewater Technologies, (Edinburgh, UK, 10-14 June 2019), in the poster Nutrient

removal and microbial community analysis of a stable microalgal-bacterial consortium

treating real municipal wastewater. Petrini S., Foladori P., Armanini F., Beghini F., Segata

N., Andreottola G.
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Microalgal-bacterial consortia have gained increasing attention in waste-

water treatment. However, to date little is known about the performances of

microalgal-bacterial consortia naturally developed in real municipal wastewa-

ter (Kang et al., 2018). In particular, long-term systems operating with such type

of wastewater have been rarely characterized.

The treatment performances of the Pilot were monitored for 2 years (from

November 2016 to November 2018, Table S6.1).

For the entire period the Pilot was operated as a photo-sequencing batch

reactor (PSBR) with a photoperiod of 16 h of light/8 h of dark, and fed with

the municipal wastewater collected after the primary sedimentation of the

WWTP Trento Nord (Trento, Italy). The cycle length was kept at 48 hours and

the influent rate at 0.7 L/cycle (HRT 5.6 d). Along the experimentation, the

operational regime was slightly modified (Chapter 7), however the changes did

not affect significantly the overall treatment performance.

Pure strains of microalgae were never inoculated instead biomass developed

spontaneously.

Parameter
Concentration (mg/L)

Removal efficiency (%)
Influent Effluent

COD 250±96 68±9 67±16
sCOD 122±48 24±9 78±13

Total N (TN) 56±18 15.1±7.2 72±13
TKN 52±17 3.6±0.7 93±3

NH+
4 -N 48±16 0.5±0.7 99±2

NO−
2 -N 0.2±0.4 0.1±0.3 -

NO−
3 -N 1.2±0.8 11.4±7.2 -

Total P (TP) 5.0±1.8 3.2±0.8 32±19
PO3−

4 -P 2.9±1.1 2.3±0.8 21±19
TSS 103±60 39±48 61±23

Table S6.1 Characterization of the influent and effluent wastewater and
removal efficiency of the Pilot from November 2016 to November 2018
(avg.±st.dev.).
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The system was able to treat real municipal wastewater without artificial

aeration. The photosynthetic oxygen production proved to be sufficient to guar-

antee organic matter and ammonium oxidation over the entire experimentation

with removal efficiency of 67±16% for COD, 93±3% for TKN and 99±2% for

NH+
4 -N (Table S6.1).

As show in Figure S6.1A, despite the fluctuations of the influent COD, the sys-

tem guaranteed an effluent COD under the EU discharge limit (EU Directive

91/271/EEC) with an average effluent concentration of 68±9 mg COD/L.

Ammonium was mainly removed by nitrification with a subsequent nitrate

accumulation in the system (Figure S6.1B) that resulted in an average efflu-

ent concentration of 11.4±7.2 mg NO−
3 -N/L. Biomass assimilation accounted

only for 4% of removed TKN, while ammonia volatilization and stripping was

excluded because pH never reached values over 9.

About phosphorous, the system removed about 32±19% of Total P (TP). As

shown in Figure S6.1C phosphorous removal was not characterized by a con-

stant trend as COD and NH+
4 -N, resulting in an effluent PO3−

4 -P of 2.3±0.8 mg

P/L, very variable over time. The low P removal was linked to a limited P uptake,

while precipitation due to pH variation could be excluded. Further investiga-

tions are needed to understand mechanisms and to optimize P removal.
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7
ENHANCED NITROGEN REMOVAL AND
ENERGY SAVING

The operational regime of the lab-scale photo-sequencing batch reactor (Pilot) in-

troduced in Chapter 6 was modified to optimize nitrogen removal, in particular to

enhance denitrification. The operational conditions were modified one at a time and

also with a view to energy saving, in order to improve the global sustainability of the

process.

At the end, denitrification was ensured through feeding during the dark period and the

intermittent use of mixer. In this way EU discharge limit in sensitive areas were met for

nitrogen with an important energy-saving.

This Chapter is based on:

Foladori P., Petrini S., Nessenzia M., Andreottola G., 2018. Enhanced nitrogen removal

and energy saving in a microalgal-bacterial consortium treating real municipal waste-

water. Water Science and Technology 78, 174-182. https://doi.org/10.2166/wst.2018.094
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Abstract

The optimization of total nitrogen removal from municipal wastewater was inves-

tigated in a laboratory-scale photo-sequencing batch reactor (PSBR) operated with a

mixed microalgal-bacterial consortium spontaneously acclimatized to real wastewater.

No external aeration was provided in the PSBR to reduce energy consumption: oxy-

gen was only supplied by the microalgal photosynthesis. The enhancement of total

nitrogen removal was achieved through: (1) feeding of wastewater in the dark phase

to provide readily biodegradable COD when oxygen was not produced, promoting

denitrification; (2) intermittent use of the mixer to favor simultaneous nitrification-

denitrification inside the dense flocs and to achieve 41% energy saving with respect to

continuous mixing. Efficient COD removal (86±2%) was observed, obtaining average

effluent concentrations of 37 mg/L and 22 mg/L of total COD and soluble COD, respec-

tively. TKN removal was 97±3%, with an average effluent concentration of 0.5±0.7 mg

NH+
4 -N/L. Assimilation of nitrogen by heterotrophic bacteria accounted only for 4%

of TKN removal, whilst the major part of TKN was nitrified. In particular, nitrification

rate was 1.9 mg N L −1 h−1 (specific rate 2.4 mg N g TSS−1 h−1), measured at dissolved

oxygen near zero, when the oxygen demand was higher than the oxygen produced by

photosynthesis. Total nitrogen of 6.3±4.4 mg N/L was measured in the effluent after

PSBR optimization.

7.1 Introduction

The treatment of real wastewater with microalgal-bacterial consortia has

gained increasing attention in the last few years because the synergistic effects

of microalgae and heterotrophic bacteria can be exploited for carbon and nitro-

gen removal through nitrification-denitrification, ensuring a significant energy

saving (Su et al. 2012; Zhang et al. 2012; He et al. 2013; Quijano et al. 2017;

Abinandan and Shanthakumar, 2015; Wang L. et al. 2016; Arcila and Buitrón,

2017).

However, when ammonium removal occurs with nitrifiers in activated sludge, a

huge amount of electrical energy is required to supply air in aerobic bioreactors.

This energy consumption, represents up to half of the energy expenditure of a
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wastewater treatment plant (WWTP) based on activated sludge. In particular,

considering the annual energy consumption for air supply in aerated tanks in

the range 4.7-28 kWh PE −1 y −1 (Foladori et al. 2015), a medium size WWTP

(20,000 Population Equivalent, PE) may consume 94-560 MW/y which corre-

sponds to an annual cost of 11,000-64,000e/y (average EU electricity price for

industrial consumers of 0.114e/kWh; Eurostat, 2017).

These figures emphasize the need to explore new alternatives aimed at reducing

energy consumption and associated costs of wastewater treatment in WWTPs.

In this context, the development of heterogeneous microalgal-bacterial con-

sortia offers the possibility of moving towards quasi-zero-energy consumption;

in particular, the oxygen produced by photosynthetic microorganisms may

support the oxidation of organic matter and ammonium by heterotrophic and

nitrifying bacteria (Van den Hende et al. 2014). Suspended-biomass reactors

operating as photo-sequencing batch reactors (PSBR) represent a common

configuration for the laboratory-scale implementation of microalgal-bacterial

consortia (Arcila and Buitrón 2016; Wang Y. et al. 2016) because of the easy

setup with small pumps and timers.

With regard to nitrogen removal in microalga-bacteria consortia, the main

mechanisms are biomass assimilation, nitrification-denitrification and, when

high pH values are reached, ammonia volatilization (Wang Y. et al., 2016;

Delgadillo-Mirquez at al., 2016). González-Fernández et al. (2011) observed

that microalgal assimilation of nitrogen is frequently overestimated. Su et al.

(2011), treating municipal wastewater with a mixed population of microalgae

and bacteria, observed that denitrification was considered to be a possible

removal mechanism, while ammonia volatilization was excluded due to the pH

being lower than 8.5.

In spite of the advantage of oxygen production by photosynthetic microorgan-

isms, dissolved oxygen (DO) released in the bulk liquid may become excessive

and may inhibit the transformation of nitrates into nitrogen gas through het-

erotrophic denitrification, which requires strictly anoxic conditions. Thus, it

may be difficult to meet the legal requirements for total nitrogen in the effluent

if the operational strategies in the microalgal system are not optimized. Wang

144



CHAPTER 7. ENHANCED NITROGEN REMOVAL AND ENERGY SAVING

et al. (2015) achieved 90% of nitrogen removal by alternating light and dark

periods and without artificial aeration, but to promote denitrification during

the dark period, an organic carbon source was added.

The present experimental study focuses on the optimization of total nitrogen

removal in a laboratory-scale PSBR fed with real wastewater and operated with

a mixed consortium of microalgae, cyanobacteria and bacteria. The phases in

the PSBR were feeding, react, settling and draw, but no idle phase was included

in the cycles. The length of the phases and the photoperiod (light/dark) were

combined so as to affect the duration of the aerobic and anoxic periods and

promote nitrification and denitrification, without the need for an additional

external carbon source. This paper contributes to the optimization of a PSBR, in

terms of enhancement of nitrogen removal, reduction of the time of treatment,

and energy saving where possible, thus improving the global sustainability of

the system.

7.2 Materials and Methods

7.2.1 Influent wastewater

Influent municipal pre-settled wastewater was collected after the primary

settler of the Trento Nord WWTP (100,000 PE) and fed in a lab-scale photo-

bioreactor. No filtration of the influent wastewater was performed before the

feeding in the reactor. This allows the microorganisms naturally present in the

influent wastewater to enter in the reactor, thus affecting significantly the com-

position of the microalgal-bacterial consortium developed in the system. Table

7.1 shows the concentrations of the main parameters in the influent pre-settled

wastewater: COD, soluble COD (sCOD), Total Kjeldahl Nitrogen (TKN), NH+
4 -N,

NO−
2 -N, NO−

3 -N, Total Nitrogen (TN), Total Phosphorus (TP), PO3−
4 -P and Total

Suspended Solids (TSS). The average concentrations are in agreement with

typical values expected in pre-settled wastewater (Tchobanoglous et al. 2003).
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Parameter Concentration
[mg/L]

COD 257±91
sCOD 120±42
TKN 55±20

NH+
4 -N 50±14

NO−
2 -N 0.1±0.1

NO−
3 -N 1.2±0.9

TN 54±22
TP 4.8±1.5

PO3−
4 -P 2.8±0.9

TSS 184±122

Table 7.1 Characterization of influent pre-settled wastewater
(avg±st.dev.; No.samples = 30).

7.2.2 Photo-sequencing batch reactor

The PSBR setup consists of a cylindrical bench-scale reactor made of Pyrex

glass with diameter of 0.13 m, height of 0.29 m and a working volume of 2

L (Colaver, Italy) not sealed from atmosphere (Figure 7.1A). The system was

equipped with:

- peristaltic pumps (Kronos Seko, Italy) for pumping the influent and discharge

the effluent; 0.7 L of influent wastewater was fed per cycle;

- cool-white lamp, 8 led x 0.5 W, 0.18 m high and 0.065 m width (Orion, Italy),

arranged on one side of the PSBR;

- magnetic mixer set at 200 rpm (AGE, Velp, Italy) used to maintain the biomass

in suspension during the reacting phase, but avoiding excessive turbulence and

reoxygenation from air;

- timers (TR 612 top2, Theben, Germany) to control on/off of pumps, lamp and

mixer.

A light intensity of 30 µmol m−2 s−1 (expressed as photosynthetically active radi-

ation, PAR) was measured inside the reactor near the top of the liquid surface, in

the most exposed point. Light intensity was originated by solar light penetration

into the laboratory and the lamp, but the reactor was never exposed to the direct
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sunlight. This light intensity is in the same order of magnitude of other studies

in the literature (for example 63 µmol m−2 s−1 in Karya et al., 2013; 90 µmol

m−2 s−1, in Mennaa et al., 2015) but lower than the PAR in outdoor plants which

surpasses 200 µmol m−2 s−1 (light irradiances that saturate photosynthesis). It

is worth noting that no external aeration was provided in the PSBR (in order

to reduce energy consumption and move towards an energy-zero system); the

oxygen available in the reactor was only supplied by the microalgae photosyn-

thesis. The temperature of the mixed liquor during the experimentation was

22.8◦C on average.

An acclimatized microalgal-bacterial consortium spontaneously developed

for more than one year in the PSBR was employed in this study, which was

carried out from January to July 2017. Microscopic observations of the biomass

showed the presence of Chlorella, diatoms, many filamentous cyanobacteria

and heterotrophic bacteria embedded in flocs.

7.2.3 Operational strategy in the PSBR

The typical PSBR cycle was based on the following phases: (1) feeding, with

duration of 5 min; (2) react, 47.5 hours; (3) settling, 30 min; (4) draw, 5 min. The

photoperiod was 16 hours of light + 8 hours of dark and the sequence of the

light and dark periods is summarized in Figure 7.1B. A constant photoperiod

using artificial light allowed us to control the photoperiod and understand the

process clearly. The sequence of light and dark causes the alternation of high

and low oxygen in the bulk liquid and thus the alternation of aerobic and anoxic

conditions, which can be advantageously exploited for optimizing nitrogen

removal from wastewater.

In order to enhance total nitrogen removal and save energy in the PSBR,

four different operational regimes were applied during the experimentation

(Figure 7.1B):

- LOW: feeding at the beginning of the light phase (at 8:00) and continuous

mixing during the react phase. This basic operational regime was used as
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Figure 7.1 (A) Lab-scale PSBR; (B) Operating cycles during the 4 regimes
(LOW, FED, MIX1, MIX2)

the control/starting point, but it did not meet the EU discharge limits in

sensitive areas for total nitrogen (15 mg N/L for 10,000 < PE < 100,000; 10

mg N/L for PE > 100,000), requiring progressive optimizations;

- FED: feeding at the beginning of the dark phase (at 23:30) and continuous

mixing in the react phase; the aim was to create an anoxic phase at the
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beginning of the cycle (to exploit readily biodegradable COD, RBCOD,

and the anoxic conditions of the influent wastewater) in order to promote

denitrification and thus to enhance total nitrogen removal;

- MIX1: feeding at the beginning of the dark phase (at 23.30) and mixer off

until the beginning of the light phase (at 07.00); the aim was to create

an anoxic phase at the beginning of the cycle and to reduce the energy

consumption by stopping the mixing for 7.5 hours in the cycle (16% of

energy saving);

- MIX2: feeding at the beginning of the dark phase (at 23.30) and mixer off

during all the dark phases and before the end of the react phase (at 19.00);

the aim was to create longer anoxic conditions to enhance denitrification

and to reduce the energy consumption by stopping the mixing for 19.5

hours in the cycle (41% of energy saving).

Due to the good settleability of the biomass in all the operational regimes,

the duration of the settling phase (30 min) was appropriate and remained

unchanged.

7.2.4 Analytical methods

The chemical parameters COD, sCOD, TKN, NH+
4 -N, NO−

2 -N, NO−
3 -N, TP,

PO3−
4 -P and TSS were analyzed in the influent and effluent wastewater accord-

ing to the Standard Methods (APHA 2012). Influent TN was estimated as the

sum of TKN and NOx-N. The parameter sCOD was measured after filtration

of the sample on 0.45-µm membrane. Fractionation of COD in the influent

wastewater aimed at distinguishing soluble and particulate biodegradable COD

was performed by respirometry (Vanrolleghem et al. 1999; Ziglio et al. 2001).

TSS in the mixed liquor (APHA 2012) was measured to determine the concen-

tration of the microalgal-bacterial consortium in the PSBR. Dissolved oxygen

(DO) and temperature were measured with Multi3410 meter and FDO®925

sensor (WTW, Germany). Oxidation-reduction potential (ORP) and pH were

measured continuously (every 10 min) with pH3310 meter coupled with the

electrodes Sentix®ORP and Sentix®41, respectively (all from WTW, Germany).
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PAR was measured with quantum sensor SQ-520 (Apogee Instruments, USA).

Microscopic observations were performed using a Nikon Optiphot EFD-3 Micro-

scope (Nikon, Japan) for the morphological characterization of the microalgal-

bacterial consortium.

7.2.5 Track studies

Track studies were performed in the PSBR to measure the dynamics of

the N-forms during the typical cycle. Samples were collected every hour, then

filtered and finally analyzed for NH+
4 -N, NO−

2 -N and NO−
3 -N. The volumetric

removal of NH+
4 -N (or the production of NO−

3 -N) expressed as mg N L −1 h−1 was

estimated using the slope of the straight line that interpolates the experimental

concentrations over time during the track study. The correspondent specific

rate expressed as mg N g TSS−1 h−1 was obtained by dividing the volumetric

rate by the TSS concentration in the mixed liquor. The removal rate was also

expressed per unit of surface for appreciating the foot-print of the system,

taking into account the height of mixed liquor in the reactor.

7.2.6 Statistical analysis

A Student’s t test, producing a p value, was applied to evaluate the significant

difference in results. Significance was assumed at p<0.05
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7.3 Results and Discussion

7.3.1 PSBR ensures robust and efficient COD removal (>85%)

in all the operational regimes

The profiles of COD and sCOD concentrations in the influent and effluent

wastewater during the 6-months experimentation are shown in Figure 7.2. Al-

though large variations of COD concentration in real wastewater were common

(257±91 mg/L), the average concentrations in the effluent were 37±7 mg COD/L

(range min-max equal to 21-54 mg COD/L), without statistically significant vari-

ations among the operational regimes. These results largely met the EU limit for

discharge (125 mg COD/L, according to EU Directive 91/271/EEC). The effluent

total COD was measured analytically or calculated summing the soluble COD

(22 mg sCOD/L on average) and the particulate COD estimated from effluent

TSS concentration, VSS/TSS ratio of mixed liquor (0.80 on average) and the

conversion factor 1.42 g COD/gVSS.

High removal efficiency of COD was achieved in all the PSBR operational

regimes (86±2% on average), indicating that the variations of influent loads and

the stopping of mixing did not affect significantly the organic matter removal.

The PSBR appeared a very robust process to treat real municipal wastewater.

For a comparison, COD removal > 70% was found by Arango et al. (2016) in

the treatment of municipal wastewater with an average influent sCOD of 410

mg/L in a PSBR inoculated with microalgae and activated sludge. COD removal

efficiency > 80% was found in a PSBR for the treatment of synthetic wastewater

with 420 mg COD/L (Gutzeit et al. 2005). The removal of COD from municipal

wastewater by microalgal-baterial consortia has been reported to be a very

effective process (Gutzeit et al. 2005; Su et al. 2012).

The fractionation of influent COD permits to understand the composition of

the effluent COD (Henze et al. 2008):

- particulate inert COD (XI = 46±16 mg/L; 18% of COD) and particulate

biodegradable COD (XS = 100±36 mg/L; 39%) can be flocculated on sus-

pended solids;
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- soluble biodegradable COD (SS = 95±34 mg/L; 37%) is rapidly biode-

graded;

- soluble inert COD (SI = 16±5 mg/L; 6% of COD) cannot be removed and

thus it leaves the system in the effluent.

This COD fractionation suggests that the effluent soluble COD (22±6 mg/L)

was mainly composed by the soluble inert fraction of the influent wastewater

(SI) which passed unchanged through the PSBR, while the rest may be soluble

microbial products (SMPs) originated from substrate metabolism and biomass

decay (Azami et al. 2012).

The particulate COD in the effluent was associated to some suspended solids

floating and leaving the system during the discharge. The effluent TSS concen-

tration was around 13 mg TSS/L during the whole experimentation, indicating

a very good sedimentation of the biological flocs developed in the PSBR.

With regards to the removal of nutrients in the whole experimentation, aver-

age P concentration decreased from 4.8±1.5 mg/L in the influent to 2.5±0.8

mg/L in the effluent (average removal efficiency of 47±19%), while N removal is

discussed in depth in the following sections.

Figure 7.2 Profiles of COD and sCOD in the influent and effluent waste-
water.
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7.3.2 TKN removal >95% occurs in the PSBR at near-zero DO

The influent TKN (55±20 mg N/L) was almost entirely removed in the PSBR,

leading to effluent concentrations of 1.5±2.1 mg N/L, 0.5±0.7 mg NH+
4 -N/L and

0.1±0.4 mg NO−
2 -N/L.

There are three ways in which TKN and ammonium can be transformed by

the microalgal-bacterial consortium: ammonia volatilization, assimilation by

biomass and nitrification. In particular, volatilization was negligible in this PSBR

because pH in the reactor was 7.6±0.3 on average during the whole experimen-

tation, while ammonia volatilization requires relatively high pH values. Nitrogen

is also assimilated and incorporated into biomass through cell synthesis during

the growth of heterotrophs and, to a less extent, autotrophs (Tchobanoglous

et al., 2003). The real amount of N removed by net microbial biomass growth

was estimated taking into account sludge production, which was 0.03 g TSS/d.

Considering the specific content of N in biomass (0.10 g N/g VSS), an amount

of 2.4 mg N/L was used daily for the net growth. This accounts for about 4%

of the TKN transformed in the system. This highlight that sludge production

and nutrient uptake in PSBRs applied for the high efficient treatment of real

municipal wastewater may be significantly lower than that expected in PSBRs

specifically designed to maximize algae growth.

The N mass balance reveals that the major role in TKN removal in the PSBR was

played by the autotrophic nitrification. Analogously, Karya et al. (2013) observed

that nitrification accounted for more than 80% of ammonium removal during

the treatment of synthetic artificial wastewater in an open photo-bioreactor

inoculated with nitrifying activated sludge and a pure culture of Scenedesmus

spp..

The very low concentration of NH+
4 -N in the effluent wastewater (< 1.0 mg/L in

89 samples, with the exception of only 3 cases) demonstrates that nitrification

was complete during the 6-months experimentation and not negatively affected

by the different operational regimes implemented in the PSBR. As shown in

Figure 7.3, the average TKN removal efficiency was 97±3% and very stable

during the whole period, even when the influent TKN concentration reached
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very high values around 100 mg N/L (Figure 7.3).

Figure 7.3 Profiles of TKN and NH+
4 -N in the influent and effluent wa-

stewater and removal efficiency of TKN.

On the basis of these considerations, the nitrification kinetic in the PSBR

reactor was investigated in depth. Track studies were carried out in the reactor

after the addition of influent wastewater with a known amount of ammonium

and the time profiles of NH+
4 -N, NO−

2 -N, NO−
3 -N were measured. The results

obtained in a typical track study carried out during the light phase of the LOW

operational regime (used as control) are shown in Figure 7.4. The decrease of

ammonium occurred rapidly and the initial concentration of 14 mg NH+
4 -N /L

was completely removed in less than 7 hours, corresponding to a nitrification

rate of 1.9 mg N L −1 h−1. Considering that the biomass in the PSBR was 0.8

g TSS/L, a specific nitrification rate of 2.4 mg N g TSS−1 h−1 was calculated.

Similar results for nitrification kinetics were found during the other operational

regimes (FED, MIX1, MIX2) which did not affect significantly the ammonium

removal.

Considering the hourly nitrification rate, a daily rate of 30 mg N L −1 d−1 can be

calculated for a daily photoperiod of 16/24 h, which corresponds to a surface

removal rate of 5.4 g NH+
4 -N m−2 d−1 (considering the reactor’s diameter of 0.13
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m, top surface area of 0.0133 m2 and volume of 0.0024 m3). This specific value

gives an approximate estimate of the footprint. For a comparison, 10.2 g NH+
4 -N

m−2 d−1 was found in a flat PSBR with irradiance an order of magnitude higher

than this experimentation (Rada-Ariza et al., 2017).

The specific value of 2.4 mg N g TSS−1 h−1 found for the microalgal-bacterial

consortium is similar to the specific nitrification rate reported in the literature

for activated sludge systems (Tchobanoglous et al., 2003). However, the impor-

tant difference is that the microalgal-bacterial consortium works with a limited

TSS concentration (around 1 g TSS/L) to allow light to penetrate in the biomass,

while activated sludge works at 4 g TSS/L. This results in a significant difference

in the volumetric nitrification rate of microalgal consortia and activated sludge.

However, a further investigation is needed at real-scale to evaluate the volu-

metric nitrification rate of microalgal-bacterial consortia under more realistic

conditions.

From Figure 7.4 it is immediate to observe that the decrease of ammonium

occurred even during a long period (> 5 h) with DO concentrations near zero.

Since no external aeration was provided in the PSBR, the photosynthetic activity

was the only responsible for the oxygen production during the light phase. In

the presence of NH4+, the oxygen demand required for nitrification surpassed

the amount produced by photosynthesis, resulting in a near zero DO concen-

tration. Then, when ammonium was completely depleted, DO concentration

increased gradually, reaching values above 5 mg O2/L.

Concerning the profile of NO−
3 -N, the initial concentration of 14 mg N/L in-

creased to 19.5 mg N/L at the end of the track study, indicating that only 40%

of the ammonium removed was found as nitrates. The explanation of this low

increase in nitrates is that simultaneous nitrification-denitrification occurred

in this PSBR. The availability of soluble COD, which passed from 121 mg/L in

the influent wastewater to 17 mg/L at the end of the track study, may support

denitrification. Analogous observations were found by Tiron et al. (2015) in

activated algae granules treating low-strength wastewater in a PSBR. In the

present reactor, dense clusters of microalgae, bacteria and abiotic solids were

also observed, and this may contribute to originate conditions for a partial
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Figure 7.4 Track study of NH+
4 -N, NO−

2 -N and NO−
3 -N in the PSBR to-

gether with DO profile, to evaluate nitrification kinetic during the light
phase.

denitrification.

Although the near-zero DO phase may suggest the absence of oxygen, it must

not be confused with a completely anoxic phase, because photosynthesis oc-

curred and oxygen was continuously produced in the system, but oxygen was

not enough to satisfy the requirement of the biomass. The advantage to realize

nitrification of municipal wastewater by exploiting the oxygen produced in a

microalgal-bacterial consortium, without the need of artificial aeration, may

offer very powerful opportunities in the evolution of WWTPs. However, further

research is needed to prove the feasibility of the process under real condition

in order to evaluate the influence of the main parameters variations (e.g. light

supply, mass transfer and temperature).

7.3.3 Total nitrogen < 10 mgN/L in the effluent through the

enhancement of denitrification in the PSBR

The LOW operational regime, used as the control, produced a concentration

of TN in the effluent wastewater in the range 6.8-40.0 mg N/L, which was over

the limits of 10-15 mg N/L (as an annual average) for discharge in sensitive
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areas imposed by EU Directive 91/271/EEC (Figure 7.5). The high TN concen-

tration in the effluent, largely composed by nitrates, was the result of: (1) slight

assimilation of N by biomass and (2) only partial denitrification.

To enhance TN removal, efforts aimed at increasing the assimilation of N by

pure microalgae do not seem to be so effective, because assimilation permits

moderate N removal rates, often requires a longer reaction time and thus larger

volumes for the treatment of wastewater.

The great advantage of using microalgal-bacterial consortia instead of pure

microalgal strains is that bacterial nitrification can be exploited to speed up

ammonium removal. Then a higher TN removal can be achieved by ensuring a

denitrification step (Rada-Ariza et al. 2017).

In our case, the microalgal-bacterial consortium removed 30 mg N L −1 d−1 for

a daily photoperiod of 16/24 hours, which was noticeably higher than those

found by Álvarez-Díaz et al. (2017) (N removal of 6.6 mg N L −1 d−1) treating

secondary effluents under 14/24 hours of light with Chlorella sorokiniana. A

similar N removal (6.63 mg N L −1 d−1) was reported by Cabanelas et al. (2013)

in the case of Chlorella vulgaris treating urban wastewater under 14/24 hours

of light.

Concerning denitrification, there could still be room for improvement, when

suitable conditions were applied in the PSBR. In the LOW operational regime

the ORP profile (data not shown) assumed negative values only for 2-4 hours

per cycle after the feeding phase, not long enough to create the conditions for

full denitrification in the system. Therefore, the enhancement of TN removal

was investigated through the optimization of the denitrification process, but

without worsening the effluent quality in terms of COD and NH+
4 -N. This was

achieved with the following modifications:

1. The time of feeding (FED operational regime): wastewater was fed during

the dark period instead of the light period, in order to provide readily

biodegradable COD, required for denitrification, during the dark period

when oxygen is consumed but not produced;

2. The intermittent use of the mixer (MIX operational regime): switched on
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during the light phases, when the biomass requires complete exposure to

the light for photosynthesis, and switched off during the night, to avoid

turbulence, favor denitrification inside flocs and energy saving; in this

phase the biomass settled but the process was not negatively affected.

As shown in Figure 7.5, the application of the FED and MIX operational regimes

resulted in a gradually decreasing profile of TN. The average TN concentra-

tion in the effluent was 21 ± 8.8 mg N/L in the LOW operational regime (not

optimized), 16.2 ± 3.8 mg N/L in the FED regime, and 10.6 ± 2.9 mg N/L in

the MIX 1 regime, reaching the lowest average value of 6.3 ± 4.4 mg N/L in the

MIX 2 regime, which met the EU regulation limits. The enhancement of total N

removal due to the progressive optimization of the PSBR was evident only when

the MIX regimes were applied. In fact, no statistically significant difference

was observed between the LOW and FED regimes, while effluent TN decreased

significantly in the the MIX 1 and MIX 2 regimes (p < 0.05).

The decrease of TN occurred along with the extension of the period with nega-

tive ORP in the cycle. ORP values in the range -50 to -200 mV, which are favorable

for denitrification, were measured for periods of 7-8 hours during the night in

the MIX 2 regime. In this case, the mixer was switched off in the light phase (at

19:00, for 4 hours before settling and discharge), in order to move toward anoxic

conditions before feeding, thus favoring denitrification at the beginning of the

subsequent cycle.
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A

B

Figure 7.5 (A) Profiles of Total Nitrogen in the influent and effluent wa-
stewater compared with the discharge limit (EU Directive 91/271/EEC);
(B) average effluent concentration and st.dev. for each operational
regime.
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7.4 Conclusion

The total nitrogen removal in a PSBR fed with real wastewater and operated

with a mixed microalgal-bacterial consortium was investigated and optimized

to achieve effluent TN concentrations in accordance with EU requirements for

discharge in sensitive areas.

COD and TKN removal in the whole experiment were 86±2% and 97±3%, pro-

ducing an average effluent concentration of 37 mg COD/L and 0.5±0.7 mg

NH+
4 -N/L. In spite of long periods with DO near zero during the PSBR cycle, due

to an oxygen demand higher than photosynthesis production, the nitrification

rate was 1.9 mg N L −1 h−1, corresponding to a specific rate of 2.4 mg N g TSS−1

h−1. PSBR optimization was aimed at enhancing denitrification through the

feeding during the dark and the intermittent use of the mixer; in this way, the

total nitrogen in the effluent during the MIX2 regime reached 6.3±4.4 mg N/L.

In conclusion, the PSBR allowed the nitrification of municipal wastewater un-

der laboratory conditions without the need for artificial aeration and with an

important energy saving, while simultaneous denitrification was exploited to

enhance total nitrogen removal. However, considering the ability of microalgae

or associated bacteria to synthesize N2O, further research is needed to couple

the nitrogen balance with a greenhouse gas mass balance.
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MONITORING THE EVOLUTION OF
THE REMOVAL PROCESS THROUGH
REAL-TIME PARAMETERS

The Pilot (Chapter 6) was monitored with online sensors of DO (dissolve oxygen), pH

and ORP (oxidation-reduction potential) to detect characteristic points along these

profiles that reveal the evolution of the wastewater treatment.

The complete ammonium oxidation corresponded to two simultaneous characteristic

points, while absolute peaks marked the conclusion of the oxidation process.

It emerged that the treatment was completed long before the end of the cycle. Therefore,

the system could be optimized by reducing the HRT (Chapter 9).

This Chapter is based on:

Foladori P., Petrini S., Andreottola G., 2018. Evolution of real municipal wastewater treat-

ment in photobioreactors and microalgae-bacteria consortia using real-time parameters.

Chemical Engineering Journal 345, 507-516. https://doi.org/10.1016/j.cej.2018.03.178
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Abstract

In the treatment of real municipal wastewater with photo-sequencing batch re-

actors (PSBR), operating strategies able to achieve high levels of pollutant removal,

but reduce the hydraulic retention time (HRT), are imperative for making microalgal-

bacterial consortia more competitive than conventional activated sludge systems. In

regard to real-time monitoring, on-line probes like Dissolved Oxygen (DO), pH and

oxidation-reduction potential (ORP) are cheap and reliable, but their exploitation has

been largely overlooked in PSBRs. This paper proposes the use of DO, pH and ORP pro-

files to reveal the evolution of wastewater treatment in a PSBR treating real municipal

wastewater with a mixed consortium of microalgae and bacteria. The PSBR ensured

removal efficiency of 87±5% for COD and 98±2% for TKN without external aeration;

indeed, photosynthesis was the only driver of the oxygen production. Considering the

combined effects of photosynthetic oxygenation and microbial oxygen consumption,

some practical information was gathered to understand the complex profiles of the

on-line parameters. During dark and light phases, Zero-DO values, DO and pH raises,

and their relative peaks were discussed to evaluate correctly the conclusion of the wa-

stewater treatment and therefore to adjust the duration of the PSBR cycle. In particular:

(1) two simultaneous “characteristic points”, “Ammonia valley” (pH profile) and “DO

breakpoint” (DO profile), detected univocally the complete ammonium removal; (2)

the absolute peaks of DO, pH and ORP at maximum irradiance revealed that waste-

water treatment was complete and the cycle could be concluded. In this way, these

characteristic points were exploited for the optimization of the PSBR cycle, which was

concluded after 15-26 h, reducing the HRT by more than 45%.

8.1 Introduction

Microalgal-based wastewater treatments have been studied since the early

1950s (Ludwig et al.,1951). However, in recent years, they have received increas-

ing attention due to the sustainability of engineered photobioreactors that are

moving towards small footprint and energy saving. The growing problem of

global warming, the increasing energy consumption in the water sector, and

the high costs of excess sludge disposal entail a paradigm shift in the configura-
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tions of conventional wastewater treatment plants (WWTPs) to become more

environmentally and economically sustainable. In this regard, a particularly

attractive alternative may be the use of microalgae-bacteria consortia as an

engineered system, where symbiotic relations between microalgae and bac-

teria may be advantageously exploited for wastewater treatment (Muñoz and

Guieysse, 2006; Su et al., 2011; Arcila and Buitrón, 2016; Wang Y. et al., 2016;

Gonçalve et al., 2017).

Most of the recent literature focuses on the use of pure microalgae strains to

treat synthetic wastewater (or filtered wastewater) excluding bacteria inocula

and microorganisms naturally present in real wastewater. Therefore, the re-

producibility of real operational conditions of WWTPs is limited because the

development of complex and heterogeneous consortia of microalgae, cyanobac-

teria and aerobic/anaerobic microorganisms, is hindered. Although microalgae

and natural algal blooms have been tested in combination with enriched bacte-

rial strains (Karya et al., 2013; Mujtaba et al., 2017) or activated sludge (Wang L.

et al., 2016; Alcántara et al., 2015; Mujtaba and Lee, 2017), the scientific litera-

ture on the treatment of real wastewater with microalgal-bacterial consortia is

still extremely scant.

Suspended-biomass reactors operating at lab scale as photo-sequencing batch

reactors (PSBR) are among the configurations most used for the implemen-

tation of microalgal consortia (Van Den Hende et al., 2014). PSBRs offer the

advantages of batch feed and sequencing phases that are operations easy to

implement and control.

Knowledge about pollutant removal in PSBRs with microalgal-bacterial consor-

tia is still in its infancy. However, preliminary results appear promising. García

et al. (2017) observed in a photobioreactor with hydraulic retention time (HRT)

of 2 days, an organic matter removal of 89±2%, similar to that typically achieved

in conventional activated sludge systems and in conventional high rate algal

ponds treating domestic wastewater.

Regarding total nitrogen and ammonium removal, microalgal-based systems

may be inefficient (e.g. slow nitrogen assimilation, low efficiency of NH+
4 nitri-

fication) requiring very long HRTs in the range of 2-5 days (Judd et al., 2015;
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Sutherland et al., 2014). In contrast, HRTs up to 1 day are enough to obtain nitro-

gen removal efficiencies of 60-80% in conventional nitrification-denitrification

activated sludge systems. Therefore, the design of operating strategies able to

achieve high levels of nitrogen removal with reasonable HRTs is essential to

make microalgal-bacterial consortia more competitive than activated sludge

systems, especially for PSBRs.

PSBRs monitoring is usually based on chemical analyses. Although chemical

analyses are essential for evaluating effluent quality and pollutants removed

loads, they are expensive, time-consuming and cannot be exploited in real-

time because they are available with a certain delay. For real-time monitor-

ing, on-line analyzers of direct chemical parameters (such as ammonium, ni-

trate+nitrite, phosphate, etc.) could be applied, but they require a certain level

of maintenance (in some cases, frequent calibrations) and they are not always

accessible at reasonable costs. Conversely, probes that measure indirect para-

meters such as Dissolved Oxygen (DO), pH and oxidation-reduction potential

(ORP), are cheap, robust, reliable and user-friendly (Peng et al., 2006; Olsson et

al., 2005).

The importance of real-time monitoring based on DO, pH and ORP profiles

has already been demonstrated in activated sludge systems such as sequencing

batch reactors (SBRs) and alternating oxic-anoxic activated sludge (Peng et al.,

2006; Paul et al., 1998; Tanwar et al., 2008). In these studies, variations along

profiles have made it possible to detect“characteristic points” useful for under-

standing the ongoing biological processes (Martín et al., 2012). More precisely,

a characteristic point is a key indicator of the activated sludge process, denoted

by a sharp change along a parameter profile. Usually, this variation coincides

with the depletion of a compound or the transition from one process to another.

For example, the end of nitrification in activated sludge SBRs can be identified

by a point of minimum in the pH profile called “Ammonia Valley” and a flex in

the DO curve called “DO breakpoint” that occurs simultaneously (Andreottola

et al., 2001; Kim and Hao, 2001). Similarly, the end of the denitrification process

corresponds to the “nitrate knee”, a flex in the ORP profile (Andreottola et al.,

2001; Kim and Hao, 2001). The presence of a characteristic point may suggest
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that the treatment process is complete and therefore that the treatment phase

can be concluded (Paul et al., 1998; Tanwar et al., 2008, Zanetti et al., 2012)

while the absence suggests that the cycle needs to be prolonged to guarantee

the required removal performance. The variation of online indicator such as

pH, ORP and DO were demonstrated closely related with the nutrient removal

performance, and this permits to establish the real time control of bioprocesses

(Zhao et al., 2016).

In regard to photobioreactors, nutrient removal is dependent on a number of

parameters, including DO concentration and pH. Although DO and pH mon-

itoring occurs with a certain frequency in PSBRs (Su et al., 2011; Karya et al.,

2013; Tiron et al., 2015; Wang et al., 2015) the data have not yet been used as

means to control or manipulate the process. Indeed, these key parameters

appear to have been largely overlooked in PSBRs (Judd et al., 2015).

Considering the necessity of reducing HRTs of PSBRs, and thus footprint and

energy consumption, the possibility to adopt on-line DO/pH/ORP sensors to

control and optimize the process, appears very interesting.

This paper explores real time monitoring of DO, pH and ORP in a PSBR treating

real municipal wastewater with a mixed consortium of microalgae and bacteria.

The objective is to find some characteristic points that may help understand

how the treatment process evolves over time.

Microalgae-based processes are affected by natural light. Since photosynthe-

sis produces oxygen and induces pH variations, the evolution of DO, pH and

ORP profiles may differ significantly from that observed in activated sludge

processes, for which a wide literature exists. In this case, the profiles induced by

photosynthetic microorganisms overlap with the profiles produced by bacterial

processes. This results in complex 24-h profiles more difficult to understand.

To our knowledge, this is the first time that DO, pH and ORP profiles have

been investigated in depth in a PSBR treating real wastewater with a mixed

microalgal-bacterial consortium. This paper provides some suggestions on how

to understand these profiles in detail.
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8.2 Materials and Methods

8.2.1 Influent wastewater

Influent pre-settled wastewater was collected from the Trento Nord munici-

pal WWTP (Italy), which treats a population equivalent (PE) around 100,000 PE.

Before the feeding in the PSBR, no filtration of the wastewater was performed.

In this way, solids and microorganisms naturally present in the pre-settled

wastewater were fed into the reactor.

8.2.2 Photo-sequencing batch reactor

The PSBR consists of a cylindrical bench-scale reactor made of Pyrex glass

(0.29 m high and 0.13 m wide) with a working volume of 2 L, not sealed from

atmosphere (Figure 8.1A). The system was operated with pumps, a lamp and a

mixer controlled by timers. Peristaltic pumps (Kronos Seko, Italy) were used to

pump the influent and discharge the effluent. The volume of influent wastewa-

ter fed into the PSBR every cycle was 0.7 L.

Sunlight entered the laboratory but the reactor was never directly exposed. Con-

sequently, light was also supplied by a cool-white lamp (8 led × 0.5 W; Orion,

Italy) arranged on one side of the reactor. Since daylight may vary in intensity

and time, the artificial light was used to ensure a photoperiod of 16 h. In this

way, a better understanding of on-line profiles was possible because a certain

amount of irradiance was guaranteed throughout the light period. During the

reaction phase, the biomass was mixed by a magnetic stirrer set at about 200

rpm to avoid excessive turbulence and reoxygenation from air. To be noted is

that absolutely no external aeration was provided. Temperature of mixed liquor

was 22.2◦C on average. Biomass that occasionally stuck to the reactor walls, was

detached in order to allow light penetration into the reactor.

A consortium of microalgae and bacteria was acclimatized for more than one

year in the PSBR. Microscopic observations showed the presence of Chlorella,

diatoms and filamentous cyanobacteria embedded in dense flocs together with

a large amount of heterotrophic bacteria (Figure 8.1B). This experimentation
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was carried out on the acclimatized biomass, from November 2016 to March

2017. Total suspended solids (TSS) in the PSBR were maintained at a concentra-

tion of approximately 1.3 g TSS/L. This biomass concentration was identified

as optimal for fully exploiting volumetric kinetics and light diffusion (data not

shown).

Influent

L
E

D
 l

ig
h

t

DO, pH, ORP 

meters

Magnetic stirrer

Effluent

0’ 5’ 30’

SVI30= 220 mL/L

SST=1.92 g/L

A B C

Figure 8.1 (A) The photo-sequencing batch reactor. (B) Microscopic
observations of microalgae-bacteria clusters. (C) Very good settleability
of the biomass in the Imhoff cone.

8.2.3 Typical cycle in the PSBR

The PSBR cycle consisted of four phases with a total duration of 48 h: (1)

Feed, with a duration of 0.08 h; (2) React, 47.5 h; (3) Settlement, 0.5 h; (4) Draw,

0.08 h. The React phase comprised two photoperiods of 16 h light/8 h dark. The

sequence of light periods (LP1, LP2) and dark periods (DP1, DP2) is shown in

Figure 8.2. The cycle started at 8.00 a.m. with the Feed phase. Then, the first light

phase (LP1) began immediately after the feeding. The sequence of light and dark

resulted in an alternation of periods with high and low DO. As shown in Figure

8.2, light periods (LPs) affected microalgal photosynthesis, stimulating oxygen

production and thus favouring aerobic conditions. Instead, during dark periods

(DPs), oxygen was consumed by both bacteria and microalgal respiration, and
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Figure 8.2 Sequence of the light and dark periods, and overview of the
ongoing-biological process in the PSBR typical cycle.
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therefore anoxic conditions occurred.

Due to the good settleability of the biomass (Figure 8.1C), only a period of 0.5 h

was assigned to the Settlement phase.

8.2.4 Analytical methods

The following chemical parameters were analyzed in influent and effluent

wastewater according to Standard Methods (APHA, 2012): total COD, soluble

COD (sCOD), TSS, TKN, NH+
4 -N, NO−

2 -N, NO−
3 -N, and PO3−

4 -P. The parameter

sCOD was measured after filtration of the sample on 0.45-µm membrane. TSS

were measured in the mixed liquor, according to APHA (APHA, 2012), to deter-

mine the biomass concentration in the PSBR.

DO, pH, ORP and temperature were continuously recorded (every 10 min). DO

and temperature were measured with an OXI340i meter coupled with the sensor

CellOx®325 and with a Multi3410 meter equipped with the sensor FDO®925

(all from WTW, Germany). The parameters pH and ORP were measured with

pH3310 meters coupled with the electrodes Sentix®41 and Sentix®ORP, respec-

tively (all from WTW, Germany).

Light intensity (irradiance, IRR) was measured as photosynthetically active radi-

ation (PAR) using a SQ-520 quantum sensor (Apogee Instruments, USA) placed

inside the reactor, near the top of the liquid surface. Artificial light provided an

average light intensity of 25±5 µmol m−2 s−1.

Microscopic observations were performed using a Nikon Labophot EFD-3

Microscope (Nikon, Japan) to characterize the morphology of the microalgal-

bacterial consortium.

8.2.5 Track studies

Track studies were performed in the PSBR to measure the dynamics of the

N-forms during a typical cycle. Samples were collected every hour, then filtered

and analysed for NH+
4 , NO−

2 and NO−
3 . The volumetric removal/production rate

of nitrogen compounds (mg N L −1 h−1) was estimated considering the slope of

the straight line that interpolates the experimental concentrations over time.
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The specific removal/production rate of nitrogen compounds (mg N g TSS−1

h−1) was obtained by dividing the volumetric rate by the TSS concentration in

the mixed liquor.

8.3 Results and Discussion

8.3.1 PSBR ensures removal efficiency of COD>85% and

TKN>95% without external aeration

The main characteristics of influent and effluent wastewater together with

the removal efficiency are shown in Table 8.1. The average concentrations of

COD, sCOD, TSS, N and P forms in the influent wastewater match typical values

expected in pre-settled wastewater (Tchobanoglous et al., 2003).

Although real wastewater presented large fluctuations of influent concentra-

tions (Figure 8.3), high and stable removal efficiency were observed in the PSBR

for COD (87±5%, Figure 8.3A), producing average effluent concentrations of

34±9 mg COD/L and 25±9 mg sCOD/L (Table 8.1). These results are compa-

rable to those observed in the microalgal treatment of secondary domestic

wastewater in outdoors pilot raceways which showed COD removal efficiency

in the range 80-90% (Posadas et al., 2015) permitting to respect the discharge

limits according to Directive 98/15/CEE.

The effluent TSS concentration was very low (7.4±6.2 mg TSS/L on average), due

to the good settleability of the biomass developed in the PSBR which formed

dense aggregates of microalgae, bacteria and inerts which entered the system

with the real wastewater. This behavior differed significantly from that reported

by other studies, where the uses of pure Chlorella or other pure strains have

often been associated with difficult sedimentation and separation problems

(Muñoz and Guieysse, 2006; Christenson and Sims,2011; Park et al., 2011). By

contrast, the development of mixed microalgal and bacteria consortia can en-

sure a significant improvement in settleability (Arcila and Buitrón, 2016; Van

Den Hende et al., 2014); hence, they are currently gaining increasing attention

in wastewater treatment.
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Parameter
No. samples

Concentration Removal
[mg/L] efficiency

Influent-Effluent Influent Effluent [%]
COD 16-45 292±101 34±9 87±5
sCOD 16-45 119±21 25±9 79±3
TKN 16-45 64±20 1.2±1.2 98±2

NH+
4 -N 16-45 55±13 0.6±1.2 99±3

NO−
2 -N 16-45 0.1±0.1 0.1±0.1 -

NO−
3 -N 16-45 1.1±0.3 19.0±7.4 -

Total N 16-45 66±20 20±7 68±10
PO3−

4 -P 16-45 2.7±0.8 2.2±0.8 16±17
TSS 16-13 143±72 7.4±6.3 93±4

Table 8.1 Characterization of influent and effluent wastewater and re-
moval efficiency in the PSBR (avg±st.dev.).

With regard to nitrogen forms, average TKN removal efficiency was 98±2%

(Figure 8.3B). As a result of a stable nitrification in the system, effluent ammo-

nium was 0.6±1.2 mg NH+
4 -N/L, effluent nitrites were negligible, while nitrates

were 19.0±7.4 mg NO−
3 -N/L. These results are in agreement with the obser-

vation of Zhang et al. (2018) in algal-bacterial granules in a photobioreactor

treating synthetic domestic wastewater. In this study the ammonia removal

efficiencies was 97-99%, with negligible values of nitrites and accumulation of

nitrates (Zhang et al., 2018).

In the microalgal treatment of secondary wastewater, the influence of pH 7-9

on nitrification was negligible and ammonium was rapidly oxidized by nitrifica-

tion, which prevented NH+
4 -N stripping (Posadas et al., 2015).

The mass balance of total nitrogen indicated that 68±10% was removed by

synthesis and spontaneous denitrification. Anoxic conditions favorable for

denitrification occurred in various instances: (i) during the dark phases of the

PSBR cycle, when DO drop to zero because not supplied by photosynthesis;

(ii) during the light phases, when oxygen demand surpassed photosynthetic

oxygenation, within the dense clusters of microalgae, bacteria and abiotic solids.

For a comparison, Zhang et al. (2018) observed TN removal efficiency from
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Figure 8.3 (A) COD and sCOD in the influent and effluent wastewater
and removal efficiency of COD; (B) TKN and NH+

4 -N in the influent and
effluent wastewater and removal efficiency of TKN

59.8% to 70.5% after the formation of mature granules in a photobioreactor.

The detailed monitoring of a typical cycle (48 h) is shown in Figure 8.4 where

the variations of NH+
4 -N, NO−

3 -N and sCOD are indicated over time. The pro-

files DO and pH were clearly correlated with both light and nutrient removal

performance. DO dropped to zero immediately after feeding and remained very

low during LP1 and DP1 periods, while pH eventually reached a valley due to

the nitrification process. The concentration in the influent wastewater was 234

mg COD/L and 78 mg sCOD/L and it decreased during the LP1 period due to

the aerobic oxidation, leading to a minimum sCOD of 21 mg/L.
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Figure 8.4 Profiles of COD, NH+
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and dark phases in an entire 48-hour typical cycle. (B) Profiles of online
parameters pH and DO.
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At the beginning of the subsequent LP2 period, pH and DO increased rapidly

and sharply as a result of the absence of ammonium and the presence of light

which favoured photosynthesis. Surprising, the profile of sCOD correlates with

irradiance. A significant release of sCOD was observed in coincidence with the

peaks of DO and pH. This behavior is not clear and further investigation is

required. The sCOD increase may be the results of the release of Soluble Algal

Products but the mechanisms of their formation and their effects are still not

clear. At the end of the cycle, the sCOD stabilized, resulting in an effluent COD

concentration of 21 mg/L.

Since no external aeration was provided, photosynthetic activity was the only

driving force to produce the oxygen necessary for COD oxidation and TKN

nitrification. Hence, the consortium of cyanobacteria, microalgae and het-

erotrophic/nitrifying bacteria resulted in a symbiotic system able to ensure a

self-sustained treatment process with high removal efficiency of COD and TKN.

Similar observations were highlighted by García et al. (2017) treating domestic

wastewater in a novel anoxic-aerobic photobioreactor.

8.3.2 The light source affects the shape of the DO profile:

sunlight vs. artificial light

DO and Irradiance were monitored throughout some typical PSBR cycles.

To study the effect of the light source on photosynthetic activity, and thus

on DO profile, the feeding phase was skipped. In this way, the influence of

oxygen consumed by bacteria to oxidize readily biodegradable substrates was

excluded. Without feeding, only endogenous respiration of the biomass oc-

curred. Therefore, the changes of DO in the reactor were mainly associated

with light variations, and thus photosynthetic oxygenation, because biomass

respiration consumed approximately a small amount of oxygen over time.

The effect of sunlight and artificial light on photosynthetic activity was exam-

ined in detail. Three different cases were considered. Figure 8.5 shows the effect

of sunlight (Figure 8.5A), artificial light (Figure 8.5B) and both (Figure 8.5C) on

DO profile.
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In the case of sunlight (Figure 8.5A), the daily variations of irradiance shape

a steep and narrow curve with a peak around midday. This produces a per-

fectly overlapped DO profile with a coinciding peak. Also, Posadas et al. (2015),

treating primary domestic wastewater in outdoor raceways, showed that DO

variations were well correlated with the sunlight, regardless of the raceway con-

figuration and operational conditions. Instead, because artificial light (Figure

8.5B) produces a constant irradiance, it generates a step-function profile that re-

flects the adopted photoperiod (lamp on from 08.00 to midnight). As in the case

of sunlight, the DO profile follows that of irradiance. Figure 8.5B shows that DO

initially increases and then remains approximately constant until the end of the

light period. On reaching the saturation level, DO changes smoothly because

of temperature (data not shown). As soon as the lamp is turned off, without

photosynthetic oxygenation, DO decreases as a result of endogenous respira-

tion. The profile of irradiance produced by sunlight was completely different
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Figure 8.5 Irradiance and DO profiles during the PSBR cycle (without
feeding) with different light sources: (A) sunlight; (B) artificial light; (C)
sunlight+artificial light.

from that produced by artificial light. Consequently, DO profiles with different

shapes were generated by different rates of photosynthesis in the PSBR.

In the third case, the combination of sunlight and artificial light (Figure 8.5C)

produces an irradiance profile comparable to the superposition of each indi-

vidual case. As a consequence, the DO profile is the combination of the single
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effects previously observed: (i) maximum DO values at midday when solar irra-

diance is maximum; (ii) relatively high DO values during the whole light-phase

supported by artificial light; (iii) gradual DO decrease during the dark when the

light is off. As shown in Figure 8.5C, DO values are higher than those obtained

with a single light source, in some cases reaching oversaturation level.

These simple observations yielded better understanding of the complex DO

profiles generated in the PSBR throughout the experimentation, feeding influ-

ent real wastewater in the presence of sunlight and artificial light. A detailed

description of the observed DO profiles is provided in Section 8.3.3.

8.3.3 The profiles of DO, pH and ORP reveal the evolution of

wastewater treatment

The profiles of irradiance, DO, pH and ORP during three typical cycles in the

PSBR, fed with real wastewater, are shown in Figure 8.6. All the profiles were

clearly affected by the alternation of light and dark periods during the cycle

and, in particular, by sunlight during the first part of the light periods. As shown

in Figure 8.6A, maximum irradiance took place around midday.

During a typical cycle very strong variations of parameters occurred:

i. DO varied greatly from zero to oversaturation (Figure 8.6B). As in the

case presented in Figure 8.5C, the DO profile followed that of irradiance.

However, feeding wastewater resulted in a long period at DO zero over the

first part of the cycle. Hence, much larger DO variations were observed;

ii. pH ranged from 7.5 to 9.0 (Figure 8.6C);

iii. ORP changed from negative values immediately after feeding (around

−200 mV), to positive values at the end of the light periods (around +200

mV). This change indicates the transition from an initial reducing en-

vironment (negative ORP values) to an oxidizing environment (positive

values) (Figure 8.6D). It is well known that the ORP measurement is not

a true thermodynamic parameter and that the absolute ORP value does

not furnish any process significance, it being a mere indicator of the

oxidative-reductive state of the system.
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Figure 8.6 Sequence of three typical cycles in the PSBR and profiles
of irradiance, DO, pH, ORP. The profiles reveal a sequence of typical
phases affected by the alternation of light and dark periods, and related
to the treatment process.
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On simultaneous consideration of the profiles of irradiance, DO, pH and ORP

(Figure 8.6A-D, respectively), it is possible to identify a sequence of significant

phases for each cycle:

1. “Zero-DO+light” phase (progressive time = 0-16 h): this usually coincides

with the first light period (LP1) and is characterized by DO values close

to zero (Figure 8.6B). Immediately after the feeding phase, the system

requires a huge amount of oxygen to oxidize the biodegradable substrates

and ammonium of the influent wastewater. Since this phase is identified

during the LP1, light is available (Figure 8.6A) and thus photosynthesis

occurs. Although oxygen is continuously provided in the system, it is not

enough to satisfy the requirement of the biomass. Therefore, DO is zero

(Figure 8.6B) because oxygen is immediately consumed by bacteria to oxi-

dize biodegradable COD and NH+
4 . Other studies confirmed that nitrifiers

were active in removing ammonium even if the oxygen concentration

was close to 0 mg/L (Yang et al., 2018).

In some cycles, a very short DO peak may appear in this phase, in par-

ticular around midday when solar irradiation is maximum. As explained

in section 3.2, photosynthesis is affected by available light, and hence a

peak of the irradiance could result in a higher oxygen production that

may momentarily surpass the biological demand. As a consequence of

enhanced photosynthetic activity, also a pH peak may be noted (Figure

8.6C). Photosynthesis induces pH increase because of HCO−
3 uptake (see

Section 8.3.3.2). Figure 8.6C shows that after the maximum irradiance,

pH decreased until the end of this phase. Therefore, there was another

process that counterbalanced the photosynthesis effect on pH. Since wa-

stewater contains ammonia, the pH decrease was induced by nitrifying

bacteria (see Section 8.3.3.1).

This phase presents conditions with apparently no oxygen, but it must

not be confused with an anoxic phase where oxygen is not available. In

fact, even if DO is zero, the presence of oxygen can be recognized because

the ORP profile increases towards positive values (Figure 8.6D), indicat-
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ing oxidative conditions. Stimulated by solar irradiance, photosynthesis

ensures a reasonable production of oxygen. In this phase, it is pointless

to provide external oxygen, while it is more advantageous completely to

exploit the free-of-charge oxygen provided by photosynthetic organisms

(microalgae and cyanobacteria). Despite oxidative condition at the end

of this phase, zero-DO values suggest that the oxidation process is not

completed, and hence some biodegradable COD and NH+
4 may still be

in the reactor. If nitrification is not completed, nitrite, along with nitrate,

may be found.

2. “Zero-DO+dark” phase (progressive time = 16-24 h): this is defined by

the beginning of the first dark period (DP1) and zero-DO concentration.

In the dark, no oxygen production occurs, and respiration (i.e. oxygen

consumption) results in a zero-DO concentration. Figure 8.6D shows that

as soon as the light is turned off, the ORP profile presents an immediate

decrease and then remains approximately stable during the whole dark

period. In this phase, local anoxic condition may occur. Therefore, if

biodegradable COD is available, denitrification of nitrate produced during

the “Zero DO+light-phase” may take place. However, since the pH profile

does not show a significant trend (Figure 8.6C), denitrification is a minor

process.

3. “Sunrise” phase (progressive time = 24-28 h): this is denoted by a sig-

nificant increase in the DO concentration that usually occurs during

the second light period (LP2) when solar irradiance increases. The DO

reaches a peak, in correspondence to the maximum irradiance that oc-

curs around midday. As observed in Section 8.3.2, the DO peak may reach

oversaturation level. In this phase, the oxygen production surpasses the

oxygen demand of the biomass. Because biodegradable substrates were

depleted in the previous phases, only a small residual NH+
4 concentration

may remain and oxygen is mainly consumed by respiration. Indeed, the

DO profile shown in Figure 8.6B is similar to that of Figure 8.5C (observed

when only respiration occurred). Since photosynthetic oxygenation pre-

vails over oxygen consumption, DO increases sharply (Figure 8.6B). Also
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ORP increases significantly towards positive values (Figure 8.6D), indi-

cating oxidative conditions. In this phase, along with DO, pH increases

remarkably due to photosynthesis. This effect was not counterbalanced

by the acidification produced by bacterial nitrification due to the scarcity

or absence of NH+
4 that was consumed in the previous phases.

High DO values together with high ORP values (oxidative condition) sug-

gest that the oxidation process is completed. Therefore, biodegradable

COD and NH+
4 have been consumed. Since the nitrification is completed,

only nitrate should be found.

4. “Sunset” phase (progressive time = 28-40 h): this is characterized by the

decrease of DO together with the decrease of solar irradiance.

As a consequence of the progressive reduction of solar irradiance dur-

ing the second light period (LP2), photosynthetic activity slows down.

Therefore, since endogenous respiration is almost constant while oxygen

production diminishes, this results in a decreasing DO profile (Figure

8.6B). Depending on the balance between produced and consumed oxy-

gen, DO profile may decrease with a more or less steep slope. However, if

the production of oxygen equals the oxygen consumed by the biomass,

DO profile may remain constant. As shown in Figure 8.6D, high ORP

values demonstrates that DO is enough to maintain oxidative conditions.

The reduction of photosynthetic activity lead to a less uptake of HCO−
3

(see Section 8.3.3.2) and therefore pH profile decreases progressively

(Figure 8.6C).

5. “Dark” phase (time = 40-48 h): this coincides with the second dark period

(DP2). Due to the absence of photosynthesis in the dark, DO is progres-

sively consumed and, depending on the respiration rate, may reach zero.

Since in this phase only respiration occurs, the slope of DO profile can be

exploited to calculate the Oxygen Uptake Rate (OUR) of the biomass (Fig-

ure 8.7). Considering the three cycles of Figure 8.6, an average volumetric

OUR of 1.8±0.3 mg O2 L−1 h−1 was obtained taking into account the linear

part of the curves (Figure 8.7). The volumetric OUR obtained corresponds

to a specific value of 1.6±0.3 mg O2 TSS−1 h−1 (TSS = 1.18±0.1 g TSS/L).
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Figure 8.7 Endogenous Oxygen Uptake Rate of the biomass obtained
from the profile of DO concentration during the “Dark” phase.

The OUR calculated certainly corresponds to the endogenous respiration

of the biomass, because in this final phase of the cycle biodegradable sub-

strates and ammonium can be considered completely oxidized. As shown

in Figure 8.6D, ORP decreases as a consequence of oxygen consumption

but does not reach low negative values. ORP reaches the minimum values

(<-100 mV) during the subsequent feeding of anaerobic fresh wastewater

that induces a change from aerobic conditions to a fermentation stage. Al-

though local anoxic condition may occur inside the flocs, denitrification

of the remaining nitrate can be excluded because biodegradable COD is

not available.

From the profiles of DO, pH and ORP it was possible to identify some

relevant characteristic points (discussed in the following sections). These

characteristic points may be exploited in the on-line control and opti-

mization of the process.
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8.3.3.1 “DO breakpoint” and “ammonia Valley” reveal the end-point of

ammonium

No external aeration was provided in the PSBR, and oxygen was produced

only during the light periods of the cycle. As observed in Section 8.3.3, bacterial

oxidation, in particular nitrification, causes a consumption of DO that may

drop to zero (Zero DO+light phase). In regard to nitrification, the utilization

of alkalinity leads to a progressive decrease of pH according to the following

reaction, Eq.8.1 (Tchobanoglous et al., 2003).

0.098CO2+N H+
4 +1.863O2 → 0.0196C5H7NO2+0.98NO−

3 +0.0941H2O+1.98H+

(8.1)

As shown in Figure 8.6C, pH decreases during the “Zero-DO+light phase” in-

dicating that the acid-based effect by nitrification dominated in the reactor.

Once nitrification is complete and ammonium is totally oxidized, DO is no

longer consumed for this purpose, and its concentration raises very rapidly and

sharply due to the continuous oxygen production by photosynthesis (Sunrise

phase, Figure 8.6B), which depends on the available light. Consequently, also

pH increases sharply (Figure 8.6C).

The endpoint of ammonium originates a characteristic point in the DO pro-

file called “DO breakpoint”, indicated in the three cycles of Figure 8.6B. The

“DO breakpoint” occurs in concomitance with a characteristic point in the pH

profile as shown in Figure 8.6C: when ammonium is completely depleted, pH

starts to rise and a local minimum called “Ammonia valley” occurs in the pH

profile. The increase in pH could be due to stripping of CO2 from the system,

but She et al. (2016) suggested that it might be related to the buffer capacity of

the medium after ammonium oxidation is finished.

Since TKN load is widely fluctuating in the influent real wastewater, the com-

pletion of nitrification may have different durations, so that Ammonia valley

may appear in the “Zero-DO+light” phase (see 3rd cycle in Figure 8.6C) or in

the subsequent “Sunrise” phase (see 1st and 2nd cycles in Figure 8.6C).

The perfect correspondence between the endpoint of ammonium and the two

characteristic points (DO breakpoint and Ammonia valley) was demonstrated
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Figure 8.8 Track study in the PSBR to demonstrate the coincidence of
two characteristic points (DO breakpoint+Ammonia valley) and the
endpoint of ammonium.

in the track study of Figure 8.8.

Figure 8.8A shows that as soon as ammonia oxidation is completed, DO and

pH rise sharply. Also the ORP profile showed a change in slope (Figure 8.8B),

but this behavior was not always appreciable in all the cycles. Thus, ORP is not

recommended for an on-line control of the process. Conversely, the two charac-

teristic points “DO breakpoint” and “Ammonia valley” can be recognized very

well and can thus be usefully exploited to identify the conclusion of the cycle

when ammonium removal is required. The breakpoint in the DO curve, also

named “DO breakpoint”, coupled with the “Ammonia valley” was effectively

used by She et al. (2016) to indicate the end point of nitritation and to adjust

the duration of the aerobic phase in accordance with the variation of influent

NH+
4 -N concentration, avoiding from high DO and excess aeration.

In the track study of Figure 8.8, the ammonium removal rate was 2.04 mg NH+
4 -

N L−1 h−1 (corresponding to 2.57±0.32 mg NH+
4 -N g TSS−1 h−1; TSS concen-

tration in the PSBR was 0.79±0.1 g TSS/L). To be noted is that this remarkable

nitrification rate was obtained without external aeration (thus without elec-

184



CHAPTER 8. MONITORING THE EVOLUTION OF THE REMOVAL PROCESS

THROUGH REAL-TIME PARAMETERS

tric energy) and with a DO profile close to zero. Moreover, the specific rate of

2.57±0.32 mg NH+
4 -N g TSS−1 h−1 was similar to typical ranges expected for

activated sludge.

At the same time, nitrates were produced at a rate of 0.71 mg NO−
3 -N L−1 h−1

(corresponding to 0.90±0.12 mg NO−
3 -N g TSS−1 h−1, approximately half of the

nitrification rate), indicating that denitrification occurred due to the low DO in

the bulk liquid.

8.3.3.2 Limited removal efficiency of phosphorus due to low sludge

production

As shown in Section 8.3.2, the maximum irradiance is associated with the

maximum of photosynthetic activity. According to the following reaction (Eq.8.2,

Wiley, 1993), HCO−
3 uptake dominates the acid-base effect of photosynthesis.

Therefore, during the light periods a pH increase is induced in the system so

that HCO−
3 uptake may result in a peak of pH at maximum irradiance.

106HCO−
3 +16N H+

4 +HPO2−
4 +92H+ →C106H263O110N16P +106O2 (8.2)

In regard to photosynthetic oxygenation, at maximum irradiance, oxygen con-

sumption affects the extent of the DO peak. The relative maximum in the ORP

profile appears in correspondence to the peak of irradiance due to aerobic

conditions stimulated by a higher rate of photosynthesis.

The coincidence between the maximum irradiance and the absolute peaks of

DO, pH and ORP can be appreciated in the “Sunrise” phase of Figure 8.6.

During the “Zero-DO+light” phase, there is a large amount of biodegradable

substrate to be oxidized. Therefore, due to high oxygen consumption the peaks

of DO is very small and in some cases it may be difficult to recognize (Figure

8.6B). In this phase, nitrification counterbalances the acid-base effect of photo-

synthesis, affecting the extent of pH peak (Figure 8.6C). Moreover, a less marked

ORP peak (Figure 8.6D) is the result of the feed of anaerobic fresh wastewater

which induces anoxic conditions and thus negative ORP values at the beginning

of the cycle.

In the subsequent “Sunrise” phase, when the irradiance is maximum, the peaks
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of DO, pH and ORP become more sharply defined and reach higher values,

because the biodegradable substrates are completely removed.

To sum up, the achievement of well-defined absolute peaks of DO, pH and ORP

is the signal that the wastewater treatment is completed and consequently that

the cycle can be concluded. Considering the cycles in Figure 8.6, control over

the process on the basis of these characteristic points permits conclusion of the

treatment after 15-26 h instead of 48 h, reducing the HRT by more than 45%.

8.4 Conclusion

This paper has demonstrated that is possible to exploit continuous mea-

surement of the on-line parameters DO, pH and ORP to evaluate correctly

the conclusion of the wastewater treatment and thus shorten the HRT of a

PSBR. Although photosynthetic oxygenation strongly affects DO, pH and ORP,

characteristic points revealing the state of the ongoing biological process were

detected along these complex profiles:

- “Ammonia valley” (pH profile) and “DO breakpoint” (DO profile) as key

indicators of the complete ammonium removal;

- Absolute peaks of DO, pH and ORP in conjunction with maximum irradi-

ance, as detectors of COD and TKN complete removal, indicating that the

PSBR cycle could be ended.

Absolute peaks of DO, pH and ORP in conjunction with maximum irradi-

ance, as detectors of COD and TKN complete removal, indicating that the PSBR

cycle could be ended. In this way, the PSBR cycle was shortened by more than

45%, resulting in a significant reduction of foot-print and costs of the treatment.
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Data collected over two years from the Pilot (Chapter 6), have proved the capability of

the system to treat wastewater. Real-time monitoring (Chapter 8) demonstrated that

the system can be optimized, in particular that HRT (Hydraulic Retention Time) could

be reduced. In this Chapter, the wastewater treatment performance at different HRTs

and the influence of outdoor conditions (sunlight and temperature fluctuations) were

explored for future optimization.

This Chapter is based on:

Petrini S., Foladori P., Andreottola G. Understanding the effect of HRT on microalgal-

bacterial consortia treating real municipal wastewater in lab-scale photoreactors under

indoor and outdoor conditions. In preparation
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Abstract
Microalgal-bacterial based wastewater treatment represents an attractive alterna-

tive solution to activated sludge. Photosynthetic oxygenation supported by sunlight

may lead to a low-energy wastewater treatment that does not rely on artificial aeration.

However, to make microalgal-bacterial consortia competitive against activated sludge,

the system should be operated at reduced hydraulic retention time (HRT).

In this studies, two identical photobioreactors, fed with real municipal wastewater,

were run in parallel under different HRTs (2.9, 1.4 and 1d). One reactor (RI) was oper-

ated inside and the other was installed outside (RO) to compare the effect of different

light sources (artificial light and sunlight, respectively) on the treatment process.

RO and RI exhibited COD removal efficiency up to 75% at HRT of 1 d (applied load up

to 330 mg L−1 d−1). While, both reactors reached their limit in ammonium removal at

HRT of 1.4 d with a COD applied load higher than 150 mg L−1 d−1 that corresponded to

a TKN applied load of about 50 mg L−1 d−1.

To reduce the HRT and at the same time ensure nitrogen removal, photosynthetic oxi-

dation should provide enough oxygen to sustain bacterial activity of both heterotrophs

and nitrifiers. RO and RI showed similar performances however photosynthetic oxy-

genation in RO was supported only by sunlight (i.e. a cost-effective light source).

9.1 Introduction

The activated sludge process is highly energy consuming mainly because

of the energy inputs associated to oxygen supply (Sun Y. et al., 2019 ). In fact,

mechanical aeration may account for 50% of the energy consumption of a wa-

stewater treatment plant (WWTP) (Mamais et al., 2015 ).

In the last decades, the combination of microalgae with bacteria has been

regarded as a promising sustainable alternative to activated sludge as photo-

synthetic oxygenation may sustain the treatment process (Posadas et al., 2013;

Van den Hende et al., 2014 ; Anbalagan et al., 2016; Quijano et al., 2017).

Microalgal-bacterial consortia have proved to be effective in the treatment of

different type of wastewater (Cai et al., 2013; Arcila and Buitrón, 2016; Wang Y. et

al., 2016) ensuring at the same time good settleability (Su et al., 2011; Ramanan

et al., 2016). However, this technology is in its early stage of development and
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there are still some challenges to overcome in view of the full-scale application

(Molinuevo-Salces et al., 2019; de Jesús Martínez-Roldán and Ibarra-Berumen,

2019).

Usually photobioreactors (PBRs) are operated at hydraulic retention time (HRT)

between 2 and 6 days, much higher with respect to activated sludge (Muñoz

and Guieysse, 2006). A high HRT results in a high land-requirement (i.e. high

footprint) imposing a disadvantage for microalgal-based processes compared

to conventional treatment (Anbalagan et al., 2016).

Microalgae represent a cost-effective means of producing O2 (Kang et al., 2018).

However, for a favorable energy and economic balance of microalgal-based

processes, exploitation of sunlight is the most suitable solution.

Closed PBRs represent a promising implementation of microalgal-bacterial

consortia to compete against activated sludge (Posadas et al. 2017). Compared

to open PBRs, closed PBRs can be built vertically, have a higher light harvesting

and the process conditions are easily controlled (de Jesús Martínez-Roldán and

Ibarra-Berumen, 2019).

To date, wastewater-born microalgal-bacterial consortium treating real mu-

nicipal wastewater in closed photobioreactor have been rarely studied (Krustok

et al., 2015; Kang et al., 2018). Photo-sequencing bacth reactors represent a

common configuration for implementation at a lab-scale (Arcila and Buitrón,

2016; Wang L. et al., 2016).

The aim of this study was to evaluate the influence of the HRT and of the

light source (artificial light and sunlight) on the treatment performance (organic

matter and nitrogen removal) of a wastewater-born microalgal-bacterial con-

sortium treating real municipal wastewater. This experimentation represents

an optimization of a long running pilot-scale photobioreactor that proved to be

effective in the treatment of real municipal wastewater working at HRT 5.6 d

(Chapter 6). Real time monitoring of dissolved oxygen (DO), pH and oxidation-

reduction potential (ORP) showed that the HRT of the long running pilot-scale

photobioreactor could be shortened by more than 45 % (Chapter 8).

Two photobioreactors, fed with the same real municipal wastewater, were
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run in parallel. One reactor (RI), was installed indoors and photosynthetic oxy-

genation was supported by an artificial lamp. The other reactor, named RO, was

operated outdoor with sunlight as the solely light source. The reactors were

operated under three different HRTs (2.9, 1.4 and 1 d) to evaluate their removal

treatment performances (COD and nitrogen removal). To note, the HRT affect

the applied load of organic matter and nutrient removal. In particular, at low

HRTs correspond high applied loads to remove.

In view of full-scale application, this study provides valuable information

on the limit of the treatment performances of PBRs fed with real municipal

wastewater (variable influent concentrations) and on the feasibility to working

under outdoor conditions (sunlight), which vary in time.

9.2 Materials and Methods

9.2.1 Experimental setup

Two identical reactors, named RI and RO, were installed (Figure 9.1A). RI

was operated indoors while RO outdoors. The reactors were transparent Pyrex

glass cylinders (diameter 12 cm, height 20 cm; Colaver, Italy), with a working

volume of 2 L. RI, placed inside the laboratory, was illuminated with a LED

lamp (8 led × 0.5 W; Orion, Italy) arranged on one side of the reactor and was

never exposed to sunlight. The LED lamp supplied a photosynthetically active

radiation (PAR) intensity of 45 µmol m−2 s−1 at the inner wall, in the most ex-

posed part. RO, placed outside the laboratory (Coordinates in decimal degrees:

46.082 N, 11.110 E), was illuminated only by sunlight therefore the light intensity

and the hours of light varied with time. To prevent RO overheating, the system

was placed outdoor in a such way as to avoid prolonged exposition to direct

sunlight.

For each reactor, peristaltic pumps (Kronos Seko, Italy) fed the influent and dis-

charged the effluent. Magnetic mixers (AGE, Velp, Italy) set at 200 rpm, ensured

mixing and prevented the biomass from settling. Timers (TR 612 top2, Theben,

Germany) switched on and off devices (pumps, mixers and the artificial lamp
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of RI).

The reactors were not sealed off from atmosphere and no external (mechani-

cal) aeration was provided. No pH adjustment was performed. Average water

temperature was 25±3 and 27±5 ◦C in RI and RO, respectively. RO temperature

fluctuated more due to the outdoor daily variations while the temperature in-

side the lab was controlled. The average temperature of RO is higher because

the experimentation was performed mainly during the summertime (from June

to the beginning of October).

Biofilm formation was observed on the walls of both reactors and thus once a

week, the walls were cleaned.

9.2.2 Influent wastewater

Both reactors were fed with the same real municipal wastewater. Wastewater

was collected after the primary sedimentation of Trento Nord WWTP (Trento,

Italy). Table 9.1 shows the average composition of the influent wastewater

considering the entire experimental period. Before feeding the wastewater into

the reactors, no filtration was performed therefore microorganisms naturally

present in the influent wastewater entered the systems.

Parameter
Influent Wastewater

[mg/L]
COD 192±78
sCOD 84±33

TN 50.3±20.8
TKN 48±20

NH+
4 -N 34.6±12.7

NO−
2 -N 0.2±0.3

NO−
3 -N 2.5±1.1

TP 5.6±1.3
TSS 85±65

Sample n. 14

Table 9.1 Characterization of the influent wastewater considering the
entire experimental period (avg±st.dev.).
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9.2.3 Microalgal-bacterial consortium

The reactors were inoculated with a consortium spontaneously developed in

a photo-sequencing batch reactor fed with the same real municipal wastewater

and working from more than two years (Chapter 6). The consortium was

composed of eukaryotic microalgae, cyanobacteria, heterotrophic bacteria

and nitrifiers.

9.2.4 Operational regime

The reactors were operated as photo-sequencing batch reactors. Each cycle

consisted of consecutive phases: (i) Feeding, (ii) Reaction, (iii) Settling, and (4)

Drawing. The operational regime was modified to study the treatment perfor-

mances of the reactors working at different HRTs (2.9, 1.4 and 1 day) without

acclimation in between. The operating period was 55, 47 and 14 d at HRT of 2.9,

1.4 and 1 d, respectively.

As reported in Table 9.2, the daily flow rate (Q) was increased by performing

more cycles in a day. The operating cycles implemented to tests the different

HRTs are schematized in Figure 9.1B. For both reactors, Feeding and Drawing

had a duration of 5 min each. Settling was set at 30 min and then it was lowered

to 20 min at HRT 1 d to give more space to the Reaction phase. The cycles were

designed on RO to exploit sunlight for the most part of the Reaction phases.

Therefore, the cycles started at different times for each HRT applied.

A photoperiod of 16 hours of light and 8 hours of dark was ensured to RI through-

out the entire experimentation (Table 9.2). The artificial lamp was turned on

at 07:00 a.m. and turn off at 23:00 p.m. Since RO was exposed to sunlight, the

photoperiod varied according to seasonal variation. In particular, it reduced

from a maximum of 15 h of light and 9 h of dark (in June - HRT=2.9 d) to a

minimum of 10.5 h of light and 13.5 h of dark (in October - HRT=1 d) (Table

9.2).

The settling phase enabled to uncoupled HRT from SRT (Sludge Retention

Time). In both reactors, biomass was never extracted and exited the system

with the effluent or was destroyed for chemical analysis.
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Figure 9.1 (A) Scheme of the experimental apparatus. (B) Operating
cycles at different HRTs.RO: photobioreactor operated outdoors; RI:
photobioreactor operated indoors.

Q
Cycles/d

Cycle Photoperiod [h]
length RI RO

[L/d] [h] Light Dark Daylight Night
HRT 2.9 0.7 1 24 16 8 15 −→13 09 −→ 11
HRT 1.4 1.4 2 12(x2) 16 8 13 −→11 11−→ 13

HRT 1 2 4
5.3(x3)

16 8 11−→10.5 13−→ 13.5
8(x1)

Table 9.2 Operational parameters of RI and RO for each HRT applied.
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9.2.5 Analytical methods

Total Chemical Oxygen Demand (COD), soluble COD (sCOD), Total Sus-

pended Solid (TSS), Total Kjeldahl Nitrogen (TKN), NH+
4 -N, NO−

2 -N, NO−
3 -N

and total P (TP) were analyzed according to Standard Methods (APHA, 2012).

sCOD was measured after filtration of the sample on 0.45 µm membrane. Total

N (TN) was defined as the sum of TKN, NO−
2 -N and NO−

3 -N.

DO and temperature were measured with Multi 3310 meters coupled with the

sensors FDO®925; pH was measured with pH3310 meters coupled with the

electrodes Sentix®41 (all from WTW, Germany). Temperature, DO and pH were

recorded in both reactors for at least three consecutive HRTs for each HRT

applied. Light intensity was measured as photosynthetically active radiation

(PAR). A SQ-520 quantum sensor (Apogee Instruments, USA) placed outdoors

next to RO was used to record sunlight intensity.

9.2.6 Calculations

To evaluate the treatment performance of RI and RO, the removal efficiency

(η), the applied load (AL) and the removed load (RL) were calculated for COD,

TKN and TN according to Eq. 9.1, 9.2 and 9.3, respectively. XI N is the influent

concentration (i.e. CODI N , TKNI N and TNI N ); XOU T represents the effluent

concentration (sCODOU T , NH+
4 -NOU T and TNOU T , respectively); Q is the flow

rate and varied with the HRT (Table 9.2); V is the working volume and was kept

constant to 2 L in both reactors throughout the experimentation.

η= X I N −XOU T

X I N
(9.1)

AL = X I N ·Q
V

(9.2)

RL = (X I N −XOU T ) ·Q
V

(9.3)
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9.2.7 Statistical analysis

To investigate if the treatment performances of RI and RO could be consid-

ered significantly different, the statistical significance was evaluated using the

Student’s paired t-test with significance at P<0.05 or P<0.01. Unpaired t-test

was used to assess the difference between the influent concentrations for each

HRT applied (P<0.05). Statistical calculations were done using Microsoft® Excel

(Microsoft Corporation, USA).

9.3 Results

Average effluent TSS concentrations were 16±14 and 14±13 mg/L through-

out the entire experimentation, in RI and RO respectively. These low effluent

TSS proved that both systems had settleable biomass and that the solids that

left the reactors did not affect very much the effluent concentrations.

9.3.1 COD removal

The average COD influent concentrations were 163±95, 210±71 and 244±80

mg/L (not significantly different, P>0.05) and corresponded to an average ap-

plied load of 53±30, 139±49 and 292±65 mg L−1 d−1 at HRT of 2.9, 1.4 and 1 d,

respectively.

The average sCOD effluent concentrations were 30±18, 33±13 and 34±6 mg/L

for RI and 35±10, 28±6 and 40±11 mg/L for RO, at HRT of 2.9, 1.4 and 1 d

respectively. The respective average COD removal efficiencies were 71±26%,

81±9% and 88±3% for RI and 66±23%, 85±6% and 86±3% for RO. The COD

removal efficiency increased passing from HRT of 2.9 d to 1.4 d. For each HRT,

effluent COD concentrations and removal efficiency of RI and RO were not

significantly different (Figure 9.1A, 1B). In spite of different HRTs, RI and RO

effectively removed the influent COD with global average removal efficiencies

of 80±17% and 79±16%, respectively. Even at high applied COD load (292±65

mg L−1 d−1 at HRT of 1 d) both systems guaranteed low effluent COD concen-

trations (34±6 mg/L RI and 40±11 mg/L RO). COD removed load increased at
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low HRTs (and thus at high applied loads) in both reactors without significant

differences (P>0.05) (Figure 9.1C). The COD removed loads were 53±30, 139±49

and 292±65 mg L−1 d−1 in RI and 53±30, 152±57 and 292±65 mg L−1 d−1 in RO,

at HRT of 2.9, 1.4 and 1 d, respectively.

As shown in Figure 9.2D, the temperature did not affect the COD removal in

both reactors. In fact, high removal loads were guarantee also at temperature

lower than 25◦C. In Figure 9.2D, it can be observed the linear correlation be-

tween the applied load and the removed load for both RI and RO. The removed

load decreased slightly at applied load higher than 200 mg L−1 d−1 (i.e. the data

are more distant to the bisector that represents 100% removal efficiency).

However, both reactors did not reach their limits about COD removal. Removal

efficiency higher than 75% were guaranteed also at the highest applied loads

(Figure 9.1E). Therefore, there is the possibility to increase further the COD

applied load and thus to lower the HRT. However, the performances of the

reactors in the removal of the nutrients should be also considered.

Overall, RI and RO presented a comparable behavior in the removal of COD,

both reactors were able to withstand the applied load with no significant differ-

ences.
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Figure 9.2 For each HRT tested, in RI and RO: (A) Average COD influent
concentration and average effluent sCOD concentration; (B) Average
COD removal efficiency and (C) Average COD applied and removed load.
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9.3.2 TKN removal

The average influent TKN concentrations (not significantly different, P>0.05)

accounted for 49±25, 53±24 and 53±18 mg/L at HRT of 2.9, 1.4 and 1 d. The

respective TKN applied loads resulted of 16±8, 33±15 and 64±15 mg L−1 d−1.

The average effluent concentrations of NH+
4 -N resulted 0.3±0.1, 9.9±10.5 and

42.1±14.9 mg/L in RI and 0.3±0.1, 8.1±11.2 and 40.9±15.8 mg/L in RO at HRT

of 2.9, 1.4 and 1 d, respectively, and were not significantly different (P>0.05 at

HRT of 2.9 and 1 and P>0.01 at HRT of 1.4 d, Figure 9.3A).

Considering each HRT, also the TKN removal efficiency of RI and RO were not

significantly different (Figure 9.3B), with average TKN removal efficiency of

99±0%, 83±15% and 37±12% for RI and 99±0%, 88±16% and 39±15% for RO at

HRT of 2.9, 1.4 and 1 d respectively. The treatment removal of TKN worsened

in both reactor at lower HRTs and thus at higher applied loads. Consequently,

effluent NH+
4 -N increased and TKN removal efficiency decreased. Both reactors

showed the worst performances at HRT of 1 d.

The TKN removed loads were not significantly different in RI and RO for each

HRT, and they slightly increased passing from HRT of 2.9 d to 1.4 d (Figure 9.3C).

The TKN removed loads were 16±8, 26±11 and 22±4 mg L−1 d−1 in RI and 16±8,

30±13 and 23±5 mg L−1 d−1 in RO, at HRT of 2.9, 1.4 and 1 d.

Even if TKN removal performances were not significantly different (Figure 9.3A-

C, P at least higher than 0.01), RO showed a higher TKN treatment removal

(considering the average values), especially at HRT of 1.4 d.

The high effluent ammonium concentrations at HRT of 1 d (Figure 9.3A), high-

lighted that both reactors reached their limit in TKN removal. In Figure 9.3D,

three zones can be distinguished: (i) TKN removed load increased linearly with

TKN applied load up to 30 mg L−1 d−1, with the highest removal efficiency (data

on the bisector); (ii) removed load unstable but tended to increase for TKN

load up to 60 mg L−1 d−1; (iii) decreasing TKN removal load at higher applied

load. The interpolation of the data in Figure 9.3D shows that RO ensured higher

removed load than RI for the same applied load. Experimental data refer to

a wide range of temperature (21-28◦C for RI and 18-35◦C for RO) however no
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significant correlation between removed load and temperature was observed

(Figure 9.3D).

Figure 9.3E highlights the worsening of TKN removal efficiency at increasing

TKN applied load. For TKN applied load lower than 30 mg L−1 d−1, RO ensured

removal efficiency closed to 100% (except for one value, 66%) while RI removal

efficiency ranged between 69% and 100% (Figure 9.3E). This resulted in ef-

fluent NH+
4 -N concentration lower than 2 mg/L in RO (except 13 mg/L that

corresponds to 66% of removal efficiency) and up to 10 mg/L in RI (Figure 9.3F).

For applied load higher than 30 mg L−1 d−1 the removal efficiency resulted

highly variable for both reactors and so effluent NH+
4 -N concentrations (Figure

9.3E, 3F).

With TKN applied load up to 30 mg L−1 d−1, both reactors presented high and

stable TKN removal. At low HRTs (and thus at high applied load), TKN removal

worsened, especially at HRT of 1 d. The increasing effluent TKN whit lower HRTs,

showed that the reactors reached their treatment capacity limit for ammonium.

While, COD removal was always guaranteed. The relationship between COD

applied load and ammonium removal is examined in Section 9.4.
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Figure 9.3 For each HRT tested, in RI and RO: (A) Average TKN influent
concentration and average effluent NH+

4 -N concentration; (B) Average
TKN removal efficiency and (C) Average TKN applied and removed load.
Paired t-test: ∗P<0.05; ∗∗P<0.01; (D) TKN removed load vs applied load
according to the temperature. The bisector represents 100% removal
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9.3.3 TN removal

The influent TKN concentration and effluent NH+
4 -N, NO−

2 -N and NO−
3 -N

in RI and RO are shown in Figure 9.4.

For HRT of 2.9 d, effluent ammonium and nitrites were negligible in both RI

and RO while effluent nitrates were higher in RI, on average 19.1±7.1 mg N/ L

in RI and 9.5±7.0 mg N/L in RO. Since nitrogen entered the systems mainly in

the form of TKN (Average influent TKN 48±20 mg/L, Table 9.1) the presence of

effluent nitrates suggested that part of the influent TKN was oxidized through

nitrification. At HRT of 1.4 d effluent ammonium increased to 9.9±10.5 and

8.1±11.2 mg N/L in RI and RO respectively (Figure 9.3A). At the same time,

nitrates decreased gradually in RI resulting in an average effluent concentration

of 10.3±5.4 mg N/L, and on average in RO (11.6±5.8 mg N/L). Nitrites partially

accumulated in RI (average effluent concentration 1.2±0.9 mg N/L) while were

negligible in RO. As soon as the operational regime was modified to HRT of 1 d,

effluent ammonium increased in both systems up to 56.0 and 57.2 mg N/L in RI

and RO, respectively. Then effluent ammonium gradually decreased resulting

in average effluent concentrations of 42.1±14.9 and 40.9±15.8 mg N/L in RI and

RO. Effluent nitrites were negligible in both reactors while nitrates were very

low, (3.0±1.8 and 2.7±1.7 mg N/L on average in RI and RO, respectively).

In both reactors, effluent ammonium increased at lower HRTs and concomi-

tantly effluent nitrates decreased suggesting that nitrification was hindered by

high applied loads (especially COD applied load, see Section 9.4). Thus, TN

removal was affected by the extent of the nitrification process.

The influent TN concentrations at HRT of 2.9, 1.4 and 1 d were not signifi-

cantly different (P>0.05) and resulted 53±25, 55±25 and 54±20 mg/L, respec-

tively. The correspondent TN applied loads were 17±8, 37±16 and 66±16 mg

L−1 d−1. Effluent TN of RI and RO were significantly different only at HRT of

2.9 d (P<0.01) (Figure 9.5A), on average 20±7 and 11±8 mg/L, respectively. TN

removal efficiency (on average 54±17% in RI and 75±16% in RO) (Figure 9.5B)

and TN removed load (Figure 9.5C) were also significantly different (P<0.01).

Effluent TN increased in both RI and RO to average concentration of 23±10 mg
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3 -N in

(A) RI and (B) RO. Vertical black lines indicate a switch to a different
HRT regime.

N/L and 21±11 mg N/L at HRT of 1.4 d, and to 47±15 mg N/L and 45±16 mg

N/L at HRT of 1 d, respectively (Figure 9.5A). TN removal efficiency was not

significantly different in RI and RO at HRT of 1.4 and 1 d (P>0.01, Figure 9.5B),

and decreased passing from HRT of 1.4 d (52±13% in RI and 61±11% in RO) to

HRT of 1 d (31±8% and 34±12%, respectively) (Figure 9.3C). The TN removed

loads were 19±11 and 19±3 mg L−1 d−1 in RI and, 23±11 and 21±4 mg L−1 d−1

in RO at HRT of 1.4 and 1 d, respectively. While the removal efficiency decreased

in both reactors passing form HRT of 1.4 d to 1 d (Figure 9.5 B), the TN removed

load remained almost constant (Figure 9.5C).

Figure 9.5D shows that TN removed load depending on the TN applied load,

followed a pattern similar to the one observed for the TKN (Figure 9.3D), reach-
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ing a maximum TN removed load (around 20 mg L−1 d−1) for TN applied load

higher than 30 mg L−1 d−1. Unlike for TKN, both reactors never reached 100%

TN removal (i.e. no data on the bisector of Figure 9.5D). Finally, for both reac-

tors there was not a clear correlation between temperature and TN removed

load.

About the influence of the TN applied load on the effluent TN, an increasing

trend can be observed in Figure 9.5E. However, unlike for TKN (Figure 9.3F), at

low TN applied loads, low effluent TN was not guaranteed. Effluent TKN and

nitrates accounted for the effluent TN. Therefore, while at low applied load

nitrification ensured complete ammonium oxidation in both reactors (resulting

in negligible effluent ammonium, Figure 9.3F), nitrate removal (i.e. denitrifica-

tion and microalgae uptake) was not guaranteed by the operational conditions

(Figure 9.4). Thus, effluent TN was affected by the presence of nitrates in both

RI and RO.

At the highest applied load, TN effluent was mainly composed of effluent am-

monium (Figure 9.3F, 5E).
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9.4 Discussion

The influent concentrations varied with time because real municipal waste-

water was used. However, for each HRT tested the characteristics of the influent

wastewater were not significantly different (P>0.05). Therefore, it was assumed

that the influent wastewater characteristics did not affect the reactors perfor-

mances. On the other hand, the applied load, which increased for low HRTs,

was the main operational parameters that influenced the treatment removal.

The other parameters that may have affected the treatment process are the

light condition (intensity and duration) and the temperature. The hours of

light and the light intensity were kept constant in RI, while RO was subject to

environmental conditions (Table 9.2).

RI and RO proved to be effective in COD removal with performances not signifi-

cantly different. Both systems guaranteed COD removal efficiency up to 75%

at HRT of 1 d. These results suggested that the reactors did not reach the limit

of COD treatment capacity, therefore the COD applied load could be further

increased.

Stable and high COD removal efficiency (higher than 70%) was reported by

Anbalagan et al. (2016) treating real municipal wastewater in lab-scale PBRs

operated at HRTs of 6, 4 and 2 d. Tang et al., (2016) reported COD removal

efficiency of around 90% in lab-scale PBRs operated at HRT of 15 h. Although

Tang et al. (2016) supported the treatment with limited artificial aeration (Aera-

tion rate < 1 L/min), the potential of microalgal-bacterial consortium in COD

removal was shown.

At high COD applied load the oxygen demand of heterotrophic bacteria in-

creases and as a consequence nitrifiers may result limited. As shown in Figure

9.6A, the average DO during a cycle decreased at high COD applied load in both

reactors, therefore the bacterial activity (especially nitrification) could have

resulted oxygen limited. RO presented higher residual DO, probably thanks to

more favorable light conditions (data not shown).

The photosynthetic activity was affected by the light therefore the amount of the

oxygen produced did not varied significantly throughout the experimentation,
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in particular in RI since light conditions were kept constant. On the contrary at

low HRTs, the applied load increased and so the oxygen demand for bacterial

activity.

Effluent nitrates at HRT of 2 and 1.4 d suggested the occurrence of nitrification

that was confirmed by the identification of the characteristic points of “Ammo-

nia valley” and “DO breakpoint” along the pH and DO profile, respectively (data

not shown) (Chapter 8). At HRT of 1.4 and 1 d, effluent ammonium increased

in both reactors because of high COD applied loads (Figure 9.6C) that resulted

in a decrease of TKN removal efficiency (Figure 9.6D). High COD applied load

increased the oxygen consumption of heterotrophic bacteria reducing the avail-

ability of oxygen. Therefore, nitrifiers were disadvantaged thus nitrification

reduced.

Also, Ye et al. (2018b) reported a worsening in nitrification associated to low

level of DO. The authors operated a lab-scale PBR at HRT of 16 h, in which

oxygen was supplied by both photosynthetic oxygenation and limited artificial

aeration (Aeration rate ≤0.4 L/min). At reduced aeration intensity (from 0.2 to

0.1 L/min), the ammonium removal efficiency dropped from about 99% to less

than 78% because microalgae could not provide enough oxygen to nitrifiers (Ye

et al., 2018b).

The presence of nitrites in the effluents in both reactors (Figure 9.6B) indicated

that NOB (Nitrite Oxidizing Bacteria) were more limited than AOB (Ammonium

Oxidizing Bacteria) at high applied load (i.e. limited oxygen availability). At

TKN applied load higher than 20 mg L−1 d−1, effluent nitrites increased in both

reactors. To note, nitrite concentrations in the effluent of RI resulted always

higher than RO (Figure 9.6B).

At HRT of 1.4 and 1 d, as a result of absent nitrification, ammonium was not

oxidized to nitrates. Therefore, effluent nitrate concentrations lowered at in-

creasing effluent ammonium.

Nitrogen can be removed for nitrification/denitrification, ammonia volatiliza-

tion (at pH>9) and biomass uptake (Delgadillo-Mirquez et al., 2016; Wang Y. et

al., 2016b). Heterotrophic bacteria require slow amount of nutrients for their
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2 -N vs COD applied load. (C) Effluent NH+
4 -N vs
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growth. However, at high applied COD load the amount of nitrogen for bacterial

synthesis could not be negligible. The fraction (f ) of the nitrogen consumed for

bacterial synthesis considering the COD removed was assumed equal to 0.045

g N/g CODr emoved . f was estimated according to Eq. 9.4, considering typical

values of activated sludge models for heterotrophic bacteria (Henze et al., 2008):

(i) theoretical yield coefficient (Yh) of 0.45 g VSSpr oduced /g CODr emoved and (ii)
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biomass nitrogen content ( fN ) of 0.1 g N/g VSS (VSS: Volatile Suspend Solids).

f = Yh · fN (9.4)

The nitrogen removed for bacterial synthesis was estimated multiplying the

COD removed for the coefficient f. As shown in Figure 9.7, at high COD removed

load (that corresponded to high COD applied load) the main nitrogen removal

mechanisms was bacterial uptake. Therefore, at low HRTs (high applied load)

the nitrogen removed for bacterial synthesis increased while the part removed

by nitrification (ammonium oxidation) decreased.

RO showed a higher TKN treatment removal (considering the average values)

than RI, especially at HRT of 1.4 d, thanks to more favorable conditions of light

(sunlight) (Ye et al., 2018b) and temperature.

To further optimize the reactors, the operational conditions should be modi-

fied to enhance photosynthetic oxigenation in order to provide enough oxygen

to sustain both heterotrophs’ and nitrifiers’ activities. Biomass concentration

should be optimized to concentrate the microbial biomass while ensuring nitri-

fication (Chapter 10). Light conditions represent a key aspect (Lee et al., 2015 ;

Ye et al., 2018b) and, following the principle of sustainability, the exploitation of

sunlight is the most suitable option.
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9.5 Conclusion

RO and RI showed a similar performance in the removal of COD and nitro-

gen but with the great difference that photosynthetic oxygenation in RO was

supported only by sunlight (no energy requirements to supply light).

Both reactors guaranteed COD removal efficiency of 75% at applied load up to

330 mg L−1 d−1 (HRT of 1 d). At HRT of 1.4 d, TKN removal of both RI and RO

resulted unstable, worsening at TKN applied load higher than 60 mg L−1 d−1

(HRT of 1 d).

At low HRTs, the high COD load applied resulted in an increase of oxygen con-

sumption by heterotrophic bacteria. Consequently, the availability of oxygen

reduced and thus ammonium removal by nitrification because nitrifiers were

limited.

The reactors reached their limit in ammonium removal at HRT of 1.4 d with

a COD applied load higher than 150 mg L−1 d−1 that corresponded to a TKN

applied load of about 50 mg L−1 d−1. At HRT of 1.4 d, the average effluent

ammonium concentration was 9.9±10.5 and 8.1±11.2 mg N/L in RI and RO,

respectively.

To reduce the HRT and at the same time ensure nitrogen removal, the opera-

tional conditions should be modified to enhance photosynthetic oxidation in

order to provide enough oxygen to sustain both heterotrophs and nitrifiers ac-

tivity. Biomass concentration should be optimized according to light condition

to increase sunlight exploitation by microalgae and guarantee at the same time

high removal load.
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THE INFLUENCE OF BIOMASS
CONCENTRATION ON THE
NITRIFICATION RATE

In this Chapter, the influence of the biomass concentration (measured as Total Sus-

pended Solids, TSS) on the bacterial nitrification rate was explored in two different

photo-sequencing batch reactors.

All the analyzed microalgal-bacterial consortia showed a solid-limited kinetic at low

TSS concentrations and a light-limited kinetic at higher concentrations. A simplified

mathematical model was proposed to describe this relationship.

In addition, a standardized procedure to define the optimal TSS concentration that

guarantees the maximum ammonium removal rate, was proposed.

This Chapter is based on:

Foladori P., Petrini S., Andreottola G., 2020. How suspended solids concentration affects

nitrification rate in microalgal-bacterial photobioreactors without external aeration.

Heliyon 6, e03088. https://doi.org/10.1016/j.heliyon.2019.e03088
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Abstract

The use of microalgae for the treatment of municipal wastewater makes possible

to supply oxygen and save energy, but must be coupled with bacterial nitrification to

obtain nitrogen removal efficiency above 90%. This paper explores how the concentra-

tion of Total Suspended Solids (TSS, from 0.2 to 3.9 g TSS/L) affects the nitrification

kinetic in three microalgal-bacterial consortia treating real municipal wastewater. Two

different behaviors were observed: (1) solid-limited kinetic at low TSS concentrations,

(2) light-limited kinetic at higher concentrations. For each consortium, an optimal

TSS concentration that produced the maximum volumetric ammonium removal rate

(around 1.8-2.0 mg N L−1 h−1), was found. The relationship between ammonium re-

moval rate and TSS concentration was then modelled considering bacteria growth,

microalgae growth and limitation by dissolved oxygen and light intensity. Assessment of

the optimal TSS concentrations makes possible to concentrate the microbial biomass

in a photobioreactor while ensuring high kinetics and a low footprint.

10.1 Introduction

Ammonium oxidation is mandatory in sensitive areas due to eutrophication

risks and its toxicity for aquatic life (Kennish and Jonge, 2011). In municipal

wastewater treatment plants (WWTPs) ammonium undergoes full nitrification,

a process with a considerable effect on the design, footprint and costs (Jaramillo

et al., 2018). In particular, very high electrical energy is required to supply a

large amount of external oxygen for nitrification (Ȧmand et al., 2013; Luo et al.,

2019).

Within this context, in recent years, microalgal-bacterial consortia have gained

increasing attention as they are able to produce an ideal self-sustaining system

that treat wastewater with high ammonium removal efficiency (Subashchandra-

bose et al., 2011; Liu J. et al., 2017; Wang et al., 2018). Although both microalgae

and cyanobacteria (hereafter referred to as microalgae) are able to utilize var-

ious forms of nitrogen, with ammonium being preferred (Krustok e al., 2016;

Wang Y. et al., 2016), this direct uptake of nitrogen is not enough to obtain a

removal efficiency above 90-95% in municipal wastewater with competitive
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HRT (Hydraulic Retention Time) with respect to activated sludge (Judd et al.,

2015). Combination with bacterial nitrification is thus a likely solution (Leong

et al., 2018; Vargas et al., 2016; González-Fernández et al., 2011; Rada-Ariza et

al., 2017; Ye et al., 2018a).

Photosynthetic oxygenation makes it possible to sustain organic matter removal

and nitrification without the need for external energy, except natural light. At

the same time, CO2 resulting from organic matter decomposition is fixed by

microalgae. In this way, wastewater treatment can be achieved saving energy

and mitigating CO2 (Vu and Loh, 2016; Gonçalves et al., 2017).

While open system as high rate algae ponds (HRAPs) can only be controlled to a

limited extent, closed photo-bioreactors (PBRs) are more suitable for optimiza-

tion and efficient nitrification (Karya et al., 2013; Wang et al., 2018). However,

in PBRs, important design parameters such as kinetics have been largely over-

looked (Decostere et al., 2016) and the removal process appears slower and less

robust than activated sludge (Judd et al., 2015). This may arise mainly from

some limitations, such as the lower biomass concentration in PBRs compared

to activated sludge and the lower volumetric ammonium removal rates.

In aerated suspended solids processes, as activated sludge, an increase in the

concentration of solids is expected to produce higher volumetric removal rates

(Henze et al., 2008) and thus a smaller volume and footprint for the plant, if a suf-

ficient amount of external oxygen is provided. However, in microalgal-bacteria

based systems an excessive increase in solids concentration may reduce the

light penetration, causing self-shading, reducing in-situ photosynthetic oxy-

genation and limiting the overall microbial oxidation kinetic (Anbalagan et al.,

2017). Knowledge of the optimal solids concentration in a given microalgal-

bacterial system is therefore of extreme importance (Sun L. et al., 2019).

A very broad range of solids concentrations, from 0.1 to 8 g TSS/L (TSS, Total

Suspended Solids) has been reported with open or closed systems (Judd et al.,

2015). In general, the literature recommends not maintaining biomass concen-

trations at excessively high levels in order to avoid self-shading phenomena

(Bilad et al, 2014; Udaiyappan et al., 2017; Luo et al., 2017). However, until now,

little has been known about the influence of solids concentration on the perfor-
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mances and kinetics of PBRs and no rational approach and systematic study

exist to estimate the optimal value.

This paper explores how solids concentrations (in terms of TSS) affect the kinet-

ics of bacterial nitrification in microalgal-bacterial consortia treating real mu-

nicipal wastewater, without external aeration. In particular, consortia derived

from two different PSBRs (Photo-Sequencing-Batch-Reactors) and composed

of bacteria, microalgae and inert compounds were considered.

For each consortium, the ammonium removal rate was experimentally deter-

mined through AUR (Ammonium Utilisation Rate) tests at different TSS con-

centrations. Then the optimal solids concentration was estimated by modelling

the ammonium removal rate as a function of TSS. Dissolved oxygen and light

intensity were taken into account as limiting factors for bacteria and microal-

gae, respectively. Since there is not a consolidated mathematical expression to

describe light limitation (Béchet et al., 2013), the Monod, Steele and Platt-Jassby

models were all regarded. It was speculated that the optimal TSS concentration,

for a given system, may depend on floc structure and dimension as well as

mixing regime and operational factors (such as light distribution and geome-

try). The assessment of the optimal TSS concentrations enables the microbial

biomass in a PBR to be concentrated rationally, keeping the volumetric ammo-

nium removal rate as high as possible.

This paper provides new insights into the design of PBRs in order to ensure high

ammonium removal without external aeration, and to lower footprint.

10.2 Materials and Methods

10.2.1 Photo-sequencing batch reactors

Two PSBRs, named PSBR1 and PSBR2, were implemented as described in

Chapter 6 and managed with continuous feeding of wastewater (performances

were partially reported in Chapter 6). The working volume was set at 1.5 L and

2 L for PSBR1 and PSBR2, respectively. Every 48 h, a volume of 0.75 L and 0.7 L

was fed into PSBR1 and PSBR2, respectively, resulting in a Hydraulic Retention
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Time (HRT) of 4 d and 5.8 d; in agreement with other experiences in literature

that indicate a range between 2 and 6 d (Muñoz and Guieysse, 2006). It is worth

noting that these systems were not optimized with respect to the HRT and there

was scope for a significant footprint reduction.

The two PSBRs differed in the length of photoperiod as indicated in Figure 10.1:

(1) PSBR1 was continuously illuminated and produced “Consortium 1A” and

“Consortium 1B”; (2) PSBR2 alternated light phases and dark phases to simulate

real conditions and produced “Consortium 2”.

PSBRs were illuminated with artificial lights arranged on one side of the reactors.

Light was supplied to PSBR1 by a fluorescent lamp (F30W/33, General Electric,

UK) and to PSBR2 by a led lamp (8 led×0.5 W; Orion, Italy), which provided a

constant photosynthetically active radiation (PAR) of 45 µmol m−2 s−1 and 30

µmol m−2 s−1, respectively

Light intensities were measured with a quantum sensor SQ-520 (Apogee Instru-

ments, USA) near the top of the liquid surface inside the reactors. A constant

PAR was applied for two reasons: (1) to exclude the daily and seasonal influence

of sunlight fluctuations on the microbial activity and the consequent difficulties

in the interpretation of parameters (Lee et al., 2015); (2) to avoid the risk of

photoinhibition of the nitrifying bacteria and mitigation of this risk by TSS

(Vergara et al., 2016). In this way, only the TSS concentration was considered as

affecting light penetration and shading.

External addition of supplementary CO2 was not required in the PSBRs. The

CO2 produced by bacteria was enough to maintain the pH in the optimal range.

10.2.2 Influent real wastewater

The PSBRs were fed with pre-settled wastewater collected from the Trento

Nord municipal WWTP (Italy) which receives the sewerage of about 100,000

population equivalent. No filtration of wastewater was performed before feed-

ing. The average composition of the influent pre-settled wastewater is shown in

Table 10.3.
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PSBRs Consortium

1A-1B

Light/Dark Mixer ON

2

1

2

Figure 10.1 PSBRs cycle and respective consortia. Focus on the applied
light and dark conditions.

10.2.3 Microalgal-bacterial consortia

The feeding with real wastewater originated spontaneous microalgal-bacterial

consortia composed of heterotrophic and ammonium oxidizing bacteria, eu-

karyotic microalgae and cyanobacteria. The microorganisms embedded in

flocs were characterized by high robustness in response to load fluctuations

and good settleability. The development, through natural selection, of such a

complex community was favored by real wastewater according to Krustok et al.

(2015).

10.2.4 Analytical methods

Total COD (tCOD; Chemical Oxygen Demand), TSS, TKN (Total Kjeldhal

Nitrogen), NH+
4 -N, NO−

2 -N, NO−
3 -N, Total N and Total P were analyzed according

to Standard Methods (APHA, 2012). Soluble COD (sCOD) was measured after

filtration of the sample on 0.45-µm-membrane. The parameter TSS in the mixed

liquor was measured using the gravimetric method after filtration of the mixed

liquor on membranes with a pore size of 0.45 µm and drying at 105◦C. TSS

was assumed as a reference for the biomass concentration inside the PSBRs.
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Although total solids (both suspended or dissolved) may contribute to hindering

the passage of light through the solution. TSS analysis was used here instead

of total solids as it is the common measurement to quantify solids in WWTPs.

To facilitate comparison with conventional activated sludge processes, the

most widespread systems worldwide, TSS were therefore considered to be more

appropriate here. Microscopic observations were performed using a Nikon

Optiphot EFD-3 Microscope (Nikon, Japan) to morphologically characterize the

microalgal-bacterial consortia. Online probes (all from WTW, Germany) were

applied to measure Dissolved Oxygen (DO), temperature and pH continuously

in the PSBRs.

10.2.5 AUR tests

Ammonium utilization rate (AUR) was measured for each microalgal-bacterial

consortium at various TSS concentrations. The AUR tests were performed in

the PSBRs in batch mode. Prior to start of the AUR test, a sample was analyzed

to check ammonium concentration in the PSBR. Then, a known amount of

ammonium was added in the PSBR to achieve an initial concentration of ap-

proximately 15 mg NH+
4 -N/L. In cases with a pH lower than 7 at the beginning

of the test, a buffer solution was added to raise pH to around 8 in order to

prevent nitrification inhibition due to low pH. The duration of the test was

4-6 hours. Samples were collected every hour and analyzed for NH+
4 -N, NO−

2 -

N and NO−
3 -N after filtration on 0.45-µm membranes. The volumetric AUR

was calculated considering the slope of the straight line that interpolates the

experimental NH+
4 -N concentrations over time and was expressed as mg N

L−1 h−1. The specific AUR was calculated dividing the volumetric AUR by the

TSS concentration and was expressed as mg N g TSS-1 h-1. AUR tests were

performed with the aim of evaluating TSS influence on the nitrification rate.

Therefore, each consortium was tested at five different TSS concentrations. Low

TSS concentrations were obtained by extracting part of the mixed liquor and

diluting the remaining part with effluent wastewater (to not alter the saline

composition). High TSS concentrations were obtained reducing the working
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volume (not exceeding -15%) by extracting the supernatant. To avoid qualitative

and quantitative biomass variations, tests were performed within a week with

18 h between consecutive tests.

10.2.6 Modelling the ammonium removal rate

A simple model was implemented to explain the relationship between am-

monium removal rate and TSS concentration. In the model, two main processes

were considered:

1. aerobic growth of nitrifying biomass, responsible for ammonium oxida-

tion and oxygen consumption;

2. photoautrophic growth of microalgae, responsible for the production of

oxygen used in nitrification.

10.2.6.1 Nitrifying bacteria growth

Under constant environmental parameters (temperature and pH) and a

non-limiting substrate (NH+
4 in this case), the specific growth rate of nitrifying

bacteria (µN ; Eq. 10.1) depends only on their maximum specific growth rate

(µN ,max) and a limiting factor that is a function of the oxygen concentration

(SO) in the mixed liquor.

µN =µN ,max · f (SO) (10.1)

10.2.6.2 Photoautotrophic algal growth

Analogously, in the case of non-limiting factors for microalgae except light,

the specific growth rate of microalgae (µALG ; Eq. 10.2) depends on their maxi-

mum specific growth rate (µALG ,max) and a function of the light intensity (I).

µALG =µALG ,max · f (I ) (10.2)

10.2.6.3 Conceptual model

Using the Activated Sludge Models (ASMs) framework (Henze et al., 2000), a

simplified Gujer matrix (Table 10.1) was written to describe synthetically the
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processes involved in the production and consumption of the component SO .

In this matrix, α1 and α2 are stoichiometric coefficients, while XN and X ALG are

the concentrations of nitrifying biomass and microalgae biomass, respectively.

N◦ →Component SO

↓Process ↓Process rate
1 Aerobic growth of nitrifying bacteria -α1 µN ,max · f (SO) ·XN

2 Photoautrophic growth of microalgae +α2 α2 ·µALG ,max · f (I ) ·X ALG

Table 10.1 Simplified Gujer matrix considering the two processes af-
fecting the component SO .

From the Gujer matrix, the derivative of SO with respect to time was de-

scribed in Eq. 10.3.

dSO

d t
=−α1 ·µN ,max · f (SO) ·XN +α2 ·µALG ,max · f (I ) ·X ALG (10.3)

During the AUR tests, the oxygen produced by microalgae was completely

consumed by the nitrifying bacteria, resulting in a constant (zero) SO . The

derivative dSO/d t was therefore zero. The Eq. 10.3 can be rearranged to express

f (SO) as described in Eq. 10.4.

f (SO) =
α2 ·µALG ,max · f (I ) ·X ALG

α1 ·µN ,max ·XN
(10.4)

The ratio XN /X ALG is a property of a given consortium and does not change

during a relatively short AUR test. It can thus be considered as a constant.

The terms α1, α2, µN ,max and µALG ,max are also constant. All these terms were

therefore grouped in a single constant value, k, defined in Eq. 10.5.

k =
α2 ·µALG ,max ·X ALG

α1 ·µN ,max ·XN
(10.5)

In this way, oxygen limitation ( f (SO)) was expressed as a simplified function

of light limitation ( f (I )) in Eq. 10.6.

f (SO) = k · f (I ) (10.6)
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The specific rate of substrate utilization (in this case ammonium) is related

to the specific growth rate of bacteria taking into account the yield coefficient

of nitrifiers (YX /N ) as described in Eq. 10.7.

Specific ammonium removal rate =
µN

YX /N
=
µN ,max · f (SO)

YX /N
(10.7)

Finally, replacing f (SO) (Eq. 10.6) and grouping the constants in the sym-

bol k ′′, the specific ammonium removal rate results a function of X only (see

Eq. 10.2.6.3).

Specific ammonium removal rate = k ′′ · f (I ) =

=



k ′′ I

K I + I
= k ′′ I0 ·e−k ′·X

K I + I0 ·e−k ′·X (Monod)

k ′′ ·
I

IS
exp

1−
I

IS

= k ′′ ·
I0 ·e−k ′·X

IS
exp

1−
I0 ·e−k ′·X

IS

 (Steele)

k ′′ ·Tanh

α(I − IC )

µALG ,max

= k ′′ ·Tanh

α(I0 ·e−k ′·X − IC )

µALG ,max

 (Platt-Jassby)

(10.8)

The volumetric ammonium removal rate (Eq. 10.9) was obtained by multiplying

the specific rate (Eq. 10.2.6.3) by the concentration of solids per unit of volume

(X ).

Volumetric ammonium removal rate = k ′′ · f (I ) ·X (10.9)

10.2.6.4 Functions for light limitation

Various functions have been proposed in literature to describe the limitation

of light intensity on microalgal growth (Béchet et al., 2013; Wagner et al., 2016).

Here three proposals were considered according to Table 10.2.

In the functions of Table 10.2, the light intensity, I, was expressed according

to Lambert-Beer’s law (Eq. 10.10) that considers the attenuation of incident
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Function name f(I) Parameters Reference

Monod
I

K I + I
K I Béchet et al. (2013)

Steele
I

Is
exp

(
1− I

Is

)
IS Wagner et al. (2016)

Platt-Jassby Tanh

(
α(I − IC )

µALG ,max

)
IC ,µALG ,max Wagner et al. (2016)

Table 10.2 Functions considered for describing the light limitation,
according to Wagner et al. (2016)

light intensity (I0) due to the solid concentration in the reactor (X ), while k ′ is

the extinction coefficient.

I = I0 ·e−k ′·X (10.10)

10.2.7 Statistical analysis

Statistical calculations were done with Microsoft®Excel. To find the best

fitting for the experimental results, regression analysis was performed using

the least-square method in Microsoft®Excel. This method finds the optimal

parameter values by minimizing the sum of the squared residuals (experimental

data minus model predictions).

10.3 Results and Discussion

10.3.1 Performances of the PSBRs in the removal of TSS, COD

and N forms

The PBR configured as a sequencing batch reactor, that includes separated

phases for settling and discharge, favored the selection of microalgae-bacteria

bioflocs with good settleability in agreement with other studies in the literature

(inter alia Arcila and, Buitrón, 2016). Mean removal of TSS (Table 10.3) was

76±18% in PSBR1 (effluent concentrations of 59±58 mg TSS/L ) and 94±8%

in PSBR2 (effluent concentrations of 14±18 mg TSS/L), indicating a slightly
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better performance of PSBR2 in the settling of solids. The microalgal-bacterial

consortia developed in the PSBRs were composed of flocs and dense aggregates

with a settling velocity comparable to that of efficient granular sludge (data not

shown). This aspect is extremely important to sustain cost-efficient microalgae

separation by gravity sedimentation, according to other observations in litera-

ture (Tiron et al., 2015).

The removal efficiency of COD (ηCOD ) in the PSBRs (Table 10.3) was calculated

according Eq. 10.11, taking into account the soluble COD (sCOD) in the effluent

in order to exclude the influence of non-settleable solids that depends on the

structure of the consortia.

ηCOD =
tCOD − sCOD

tCOD
·100 (10.11)

ηCOD was 89±4% and 91±4% in PSBR1 and PSBR2 respectively, with no signifi-

cant differences among the systems. These values were similar to the efficiency

of conventional activated sludge municipal wastewater treatment. It is worth

noting that this performance was obtained here without artificial aeration. COD

was mainly oxidized by heterotrophic bacteria using DO and nitrates as electron

acceptors, although a moderate contribution by microalgae under mixotrophic

growth cannot be excluded (Alcantara et al., 2015). The DO for bacteria was

produced by photosynthesis, while nitrates were produced from nitrification.

Ammonium removal was 96±7% and 99±2% in PSBR1 and PSBR2, respectively

(Table 10.3), without significant differences between the two systems. This

high performance was similar to that of activated sludge, but in the PSBRs

the bacterial nitrification was supported by the photosynthetic oxygenation

capacity of the microalgal-bacterial consortia. TKN removal was affected by the

nitrogen content in the effluent TSS that depends on settling capacity and was

thus higher in PSBR2 (Table 10.3). A significant denitrification was observed

especially in PSBR2 under dark conditions, when DO in the PSBR dropped to

zero.

Theoretically, total N removal may be attributed to a number of simultaneous

processes (Liu J. et al., 2017): (i) bacterial nitrification followed by denitrification

and loss of N2 in the atmosphere; (ii) biomass uptake of nitrogen, (iii) ammonia
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stripping and loss in the atmosphere. Here the average Total N removal, 50±14%

and 69±10% in PSBR1 and PSBR2 respectively (Table 10.3), was mainly due to

nitrification and partial denitrification. Conversely, N assimilation into biomass

was relevant marginally, as a consequence of the small amount of excess sludge

produced (data not shown). Ammonia stripping also played a minor role, be-

cause pH increased slightly over 9.0 after complete oxidation of the ammonium

(Chapter 8). Therefore, the low N assimilation and stripping resulted in a con-

siderable availability of NH+
4 in the mixed liquor, stimulating the development

of nitrifying bacteria. Similar observations have been reported by Karya et al.

(2013) in a wastewater-treating PBR, where up to 81-85% of ammonium was

nitrified by bacteria rather than being taken up by microalgae. Bacterial nitri-

fication in the system is beneficial as it enables two additional benefits to be

obtained: (i) avoidance of NH3 volatilization, which was replaced by the more

sustainable emission of denitrified N2, (ii) reduction of the inhibitory effects of

NH3 concentration on microalgae growth (Vergara et al., 2016).

PSBR1 PSBR2

Parameter
Influent Effluent

R.E.
Effluent

R.E.
conc. conc. conc.

(mg/L) (mg/L) (%) (mg/L) (%)
tCOD 301±96 99±6 66±15 41±9 85±6
ηCOD - - 89±4 - 91±4
TKN 63±19 7±4 88±8 2±1 97±2

NH+
4 -N 54.4 ± 12.3 1.9±4.1 96±7 0.6±1.1 99±2

NO−
2 -N 0.1±0.1 0.3±0.7 - 0.1±0.1 -

NO−
3 -N 1.1±0.3 24.4±8.2 - 18.0±7.7 -

Total N 63±18 31±9 50±14 20±8 69±10
Total P 5.3±1.7 3.7±1.9 36±28 2.6±0.8 40±20

TSS 249±80 59±58 76±18 14±18 94±8

Table 10.3 Concentrations of influent and effluent wastewater and re-
moval efficiency (R.E.) in the two PSBRs (mean ± standard deviation).
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10.3.2 Measurement of the ammonium removal rates

Figure 10.2 shows a typical AUR test carried out at a solid concentration of

1.0 g TSS/L. Ammonium concentration and pH decrease while nitrates increase

due to bacterial nitrification (Dutta and Sarkar, 2015). During the test, nitrite

concentrations may increase up to a few milligrams per liter, but they were

depleted after the complete removal of ammonium (data not shown). To calcu-

late the ammonium removal rate, the NH+
4 -N data were interpolated linearly.

The NH+
4 -N decrease was considered instead of the NO−

3 -N increase, as nitrate

concentration may be underestimated due to the occurrence of simultaneous

denitrification in the inner anoxic zone of the flocs.

In the AUR test in Figure 10.2, the volumetric ammonium removal rate was

1.6 mg NH+
4 -N L−1 h−1. For a comparison, the transformation rate of NH+

4 -N

into NO−
3 -N was evaluated by Tiron et al. (2015) who found values in the range

of 0.14-1.5 mg NH+
4 -N L−1 h−1. This wide range depended on the level of DO,

which varied in that research from zero just after feeding to very high non-

limiting values.

With regard to the DO profile during the test in Figure 10.2, in the presence of

NH4+ a long phase with DO constantly near zero was observed (called “zero-

DO phase” according to Chapter 8). This indicates that the oxygen provided

through photosynthesis was used completely for the bacterial nitrification. De-

spite this zero-DO phase, the process was still proceeding and no significant

variations in ammonium removal rate were observed during the test.

10.3.3 Influence of TSS on the ammonium removal rate

A series of AUR tests were performed to measure the ammonium removal

rate at different TSS concentrations, from 0.2 to 3.9 g TSS/L considering all the

microalgal-bacterial consortia (but under the same PAR and mixing), according

to the synthesis in Figure 10.3. The range of TSS concentrations tested here was

wider than others in literature. García et al. (2017) applied biomass concentra-

tions from 1.2±0.3 g TSS/L to 2.8±0.3 g TSS/L. Other studies investigated nutri-

ent removal at concentrations up to 1.37 g TSS/L (Judd et al., 2015). Especially
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Figure 10.2 Profiles of NH+
4 -N, NO−

3 -N, DO and pH during a typical
AUR test (example of a test carried out at 1.0 g TSS/L). The slope of the
linear fitting of NH+

4 -N data represents the ammonium removal rate.

when pure algal strains were considered, solid concentrations were relatively

low; for example, the maximum concentration was 1.2 g/L for Chlorella sp. (Li

et al., 2011). In this way, the present research contributes by adding results at

relatively high TSS concentrations.

The results obtained here are shown in Figure 10.3, where the volumetric am-

monium removal rate (expressed as mg N L−1 h−1) and the specific ammonium

removal rate (expressed as mg N g TSS−1 h−1) are plotted as a function of the

TSS concentration.

10.3.3.1 The maximum volumetric ammonium removal rate identifies the

optimal TSS concentration

For all the consortia, a rise in the volumetric ammonium removal rate

occurred when the TSS concentration increased (Figure 10.3). An optimal

condition then appeared, when the nitrification rate reached the maximum

value. A further increase in TSS concentration did not provide an advantage in

terms of nitrification rate, despite a larger availability of biomass. In fact, for
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Figure 10.3 Volumetric and specific ammonium removal rate as a func-
tion of the TSS concentration for three microalgal-bacterial consortia.
(a),(b),(c) Volumetric rate for consortia 1A, 1B and 2, respectively. The
optimal TSS concentration that produces the maximum removal rate is
indicated for each consortium.(d), (e), (f) Specific rate for consortia 1A,
1B and 2, respectively.
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higher solid concentrations, a decrease in the volumetric ammonium removal

rate was observed.

In more detail, two parts can be distinguished:

1. a first rising part: a higher concentration of solids produces a higher

volumetric ammonium removal rate. In this part, the process occurs with

enough light and DO, and the nitrification rate is only limited by the

amount of biomass (solid-limited kinetic);

2. a second decreasing part: a mutual shading of biomass occurs. Light

penetration is reduced and nitrification rate is limited by the lower oxygen

production rate caused by the increased shadow effect (Udaiyappan et

al., 2017) (light-limited kinetic).

Between these parts, the maximum ammonium removal rate identifies the

optimal TSS concentration for a system. Different values were observed for

each consortium: the optimum was 0.7, 2.6 and 1.6 g TSS/L for consortia 1A,

1B and 2, respectively (Figure 10.3). This difference was associated with the

different structure of the flocs, compared in Figure 10.4, that directly affects the

self-shading. In the case of consortia 1A and 2 (Figure 10.4) the biomass was

organized in a larger amount of medium-sized flocs (average floc size of 0.4 mm

and 0.2 mm, respectively, Table 10.4) that formed a higher turbid suspension

where self-shading was predominant. Conversely, the structure of consortium

1B (Figure 10.4) was based on sparse very large granules with an average floc

size 0.6 mm (Table 10.4) (and up to 1.5 mm) which allowed light to pass more

efficiently through the suspension.

10.3.3.2 The volumetric ammonium removal rate is similar among

consortia

The maximum volumetric ammonium removal rates (found in correspon-

dence with the optimal TSS concentration) for each microalgal-bacterial con-

sortium are compared in Table 10.4. The rates were comprised in a small range

of 1.8-2.0 mg NH+
4 -N L−1 h−1. These values were remarkably higher than other

results in literature. The NH+
4 -N transformation rate was up to 1.6 mg NH+

4 -N
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L−1 h−1, as referred by Tiron et al. (2015). Ammonium reduction of 0.81-7.66

mg NH+
4 -N L−1 d−1 (corresponding to hourly values of up to 0.32 mg NH+

4 -N

L−1 h−1) was reported by Riaño et al. (2012).

The fact that the consortia investigated were characterized by similar maximum

ammonium removal rates (Table 10.4) can be explained by similar TKN loads

applied in the PSBRs, that supported a similar growth of nitrifying biomass

in the three consortia (nitrification was demonstrated to be the only impor-

tant process in nitrogen oxidation, see Section 10.3.1). In other words, the

amount of nitrifying bacteria (XN , expressed as g VSS/d; VSS = Volatile Sus-

pended Solids) depended on the composition of the influent wastewater and

the removed load (∆TKN, expressed in g TKN/d), according to the relationship

in Eq. 10.12 (Tchobanoglous et al., 2003), where YN is the specific yield for

nitrifiers (expressed as g VSSpr oduced /g TKNr emoved ).

XN = YN ·∆TKN (10.12)

Conversely, the amount of microalgal biomass produced in the consortia also

depended on the availability of external factors such as light or CO2.

At a given TKN influent load, a consortium developed with a higher TSS con-

centration does not contain a larger nitrifying biomass, but rather a larger

microalgal biomass.

Microscopic observations of the consortia revealed bacteria, microalgae and

cyanobacteria embedded with inert solids forming dark green or brown dense

flocs and granules (Figure 10.4). In particular: (1) the consortia 1A and 2 were

characterized by the smallest flocs (average floc size of 0.4 mm and 0.2 mm,

respectively, Table 10.4) with a limited presence of filamentous microorgan-

isms; (2) consortium 1B was formed by larger granules with an average floc size

of 0.6 mm (Table 10.4) and it was the consortium with the largest presence of

filamentous cyanobacteria. Notwithstanding that consortium 1B, characterized

by the highest TSS concentration (i.e. 2.6 g TSS/L), was the richest in photosyn-

thetic cyanobacteria, the nitrification rate was approximately the same (Table

10.4).

In synthesis, while the amount of nitrifying bacteria in a given consortium is
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strictly associated with the TKN load in the influent, the microalgal biomass

may exploit external resources and may increase freely in the system. Therefore,

despite a higher TSS concentration in a consortium, the maximum volumetric

nitrification rate is primarily the result of the applied TKN load.

Figure 10.4 Comparison of the flocs structure for the three microalgal-
bacterial consortia. (a) consortium 1A, (b) consortium 1B and (c) con-
sortium 2.

Consortium 1A 1B 2
Average floc size (µm) 400 600 200

TSS (g TSS/L) 0.7 2.6 1.6
Maximum volumetric

1.86 2.01 1.91ammonium removal rate
(mg NH+

4 -N L−1 h−1)

Table 10.4 Comparison of the floc size, the TSS concentration and the
maximum volumetric ammonium removal rate for the three microalgal-
bacterial consortia.

10.3.3.3 The specific ammonium removal rate decreases with TSS

concentration

The specific ammonium removal rate as a function of TSS was interpolated

with a linear fitting for each consortium (Figure 10.3). In all three cases, the
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very high regression coefficient (R2 > 97%) indicated the high strength of the

linear correlation.

The comparison between the three consortia is shown in Figure 10.5, where

a clear decreasing behavior can be observed. The higher specific rate of 4.4

mg NH+
4 -N g TSS−1 h−1 was found at the lowest concentration of 0.2 g TSS/L,

while it decreased progressively to 0.4 mg NH+
4 -N g TSS−1 h−1 (reduction by

91%) at the highest concentration of 3.9 g TSS/L. A distinct change in slope

was observed at a TSS concentration of around 0.6 g TSS/L. At concentrations

<0.6 g TSS/L (Figure 10.5), the higher specific removal rates were due to two

different but coexisting effects:

1. High oxygen production: the scarce biomass permitted an easier passage

of light in the reactor and thus the production of oxygen was greater. A

higher DO concentration originated an enhanced diffusion of oxygen and

thus a larger part of the flocs became aerobic. As a consequence, more

biomass was reached by oxygen and the specific ammonium removal rate

resulted higher;

2. Low oxygen consumption: DO consumption was lower because less bac-
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Figure 10.5 Specific ammonium removal rate as a function of TSS for
the three microalgal-bacterial consortia.
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teria consumed less oxygen. As a consequence a greater availability of

oxygen remained for the biomass and the specific rate of nitrifiers resulted

higher.

At concentrations > 0.6 g TSS/L (Figure 10.5), most of the light was absorbed

by a thin layer of biomass that produces oxygen only in the external part of

the flocs, while lack of light and oxygen occurred in the deeper layers. Other

authors have indicated that light shading may occur in PBRs when operating at

a biomass concentration higher than 1 g/L (Luo et al., 2017).

Despite the fact that the specific removal rate was higher at low TSS concentra-

tions, it led to an even smaller volumetric rate (expressed as mg N L−1 h−1) due

to the low availability of biomass in the PSBR.

In PBRs aimed at obtaining complete wastewater treatment, it is preferable to

obtain the highest volumetric ammonium removal rate rather than the highest

specific rate, in order to reduce the footprint of the plant. With higher TSS, pho-

tosynthesis may be less efficient, but it may be enough to produce a sufficient

amount of oxygen to support full nitrification.

10.3.4 Experimental results fit to the simplified model

The experimental results of the specific and volumetric ammonium removal

rate were then fitted according to the conceptual model described in Section

10.2.6.3 and including three different equations to describe light limitation

(Table 10.2). The results are summarized in Figure 10.6.

For all the functions, the model enabled a good fitting of the experimental data

to be obtained for both volumetric and specific rates. Monod’s equation was

slightly worse and this was not surprising as it was based on the simplest form.

However, all the fitted curves very clearly confirmed the occurrence of two well

defined parts, already observed in Section 10.3.3.1: (1) the rising part, where

low TSS and a solid-limited kinetic occurs; (2) the decreasing part where high

TSS and a light-limited kinetic occurs and the ammonium removal rate tends

progressively to zero. The model used here for the fitting of the experimental

results was able to describe the relationship between the ammonium removal

232



CHAPTER 10. THE INFLUENCE OF BIOMASS CONCENTRATION ON THE

NITRIFICATION RATE

rate and the TSS concentration in a PBR. This finding may help in the man-

agement of the complex microalgal-bacterial consortia involved in PBR and to

identify the optimal conditions for design.
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Figure 10.6 Results of the fitting of volumetric and specific ammo-
nium removal rate as a function of the TSS concentration for the three
microalgal-bacterial consortia.(a),(b),(c) Volumetric rate for consortia
1A, 1B and 2, respectively. (d), (e), (f) Specific rate for consortia 1A, 1B
and 2, respectively.
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10.4 Conclusion

This paper proposes a standardized procedure for measuring both volu-

metric and specific ammonium removal rate in batch tests under a given value

of irradiance and for a given TSS concentration. Performing 4-5 batch tests at

different TSS concentrations with a duration of 4-5 hours each, it was possible

to identify easily the optimal interval of TSS associated with the maximum

ammonium removal rate of the system. When TSS concentration differs from

this optimum value, the nitrification kinetic decreases due to: (1) a solid-limited

kinetic when TSS is below the optimum, originated by an insufficient amount

of biomass in the system, (2) a light-limited kinetic when TSS is above the

optimum, due to a less efficient exploitation of light and production of oxy-

gen. The optimal TSS concentration able to produce the maximum volumetric

ammonium removal rate (around 1.8-2.0 mg N L−1 h−1) was found for three

microalgal-bacterial consortia. A good fitting with a mathematical model (based

on bacteria and microalgae growth and limitation by DO and light intensity

according to Monod, Steele and Platt-Jassby equations) confirmed the experi-

mental relationship between ammonium removal rate and TSS concentration.

Assessment of optimal solids concentration can thus help in the design of PBRs

when enhanced nitrification is required to meet stringent nitrogen limits for

the discharge of wastewater.
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RESPIROMETRY TO ASSESS
PHOTOTROPHIC, HETEROTROPHIC
AND NITRIFYING ACTIVITY

A respirometer used to test activated sludge was modified and a procedure was devel-

oped to test microalgal-bacterial consortia under light and dark conditions.

The microalgal-bacterial consortium developed in the Pilot (Chapter 6), was tested to

determine the microorganisms’ activities in endogenous condition, in the presence of

readily biodegradable organic matter and in the presence of ammonium.

The respirometric approach proposed here adds experimental kinetic results needed

in the PBR design and modelling.

This Chapter is based on:

Petrini S., Foladori P., Donati, L., Andreottola G. Comprehensive respirometric approach

to assess photosynthetic, heterotrophic and nitrifying activity in microalgal-bacterial

consortia treating real municipal wastewater. Biochemical Engineering Journal, UNDER

REVIEW.
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Abstract

The design of photobioreactors (PBR) to treat municipal wastewater is still in the

early stages of development. Kinetics of activated sludge cannot be used for PBRs be-

cause consortia differ in composition, growth and decay rates. In this paper, respirome-

try was extended to a microalgal-bacterial consortium developed for 2 years in a PBR

treating municipal wastewater. Kinetic and stoichiometric parameters (20◦C) were

estimated for endogenous respiration, biodegradable COD oxidation and nitrification.

A comprehensive respirometric approach was adopted. It was based on the Oxygen

Production Rate (OPR) of photosynthetic microorganisms and the Oxygen Uptake Rate

(OUR) of the overall biomass, and it included data processing and corrections. The

gross OPR (gOPR) was 9.8±0.2 mg O2 g TSS−1 h−1; using microalgae quantified by flow

cytometry, the per-cell gOPR was 11 fmol O2 cell−1 h−1. This oxygen was utilized for

COD oxidation with rate of 18.0 and 19.3 mg COD g TSS−1 h−1 under light and dark,

respectively. Biomass yield (YCOD ) was 0.66 on average, similar to the typical values of

activated sludge. The nitrification rate in the dark was 0.92 mg NH+
4 -N g TSS−1 h−1. The

stoichiometric oxygen-over-ammonium coefficient (fO2/N H ) was 4.4 g O2/g N under

dark conditions (similar to activated sludge), but lower under light ones (2.8 g O2/g N).

The respirometric approach proposed here added experimental kinetic results needed

in the PBR design.

11.1 Introduction

Photobioreactors (PBRs) based on microalgal-bacterial consortia, which

couple nitrifying, heterotrophic and photosynthetic microorganisms, are an

alternative and very promising technology with which to improve the sus-

tainability of wastewater treatment. Their main advantage is that microalgal

photosynthesis releases dissolved oxygen that can be exploited by bacteria,

reducing or eliminating the need for mechanical aeration and thus energy costs

in wastewater treatment plants (WWTPs). In addition, organic matter and ni-

trogen removal is performed not only by bacteria, but also by microalgae that

use these sources for their mixotrophic metabolism.

Conventional wastewater treatments, based on activated sludge, are character-

237



CHAPTER 11. RESPIROMETRY TO ASSESS PHOTOTROPHIC,

HETEROTROPHIC AND NITRIFYING ACTIVITY

ized by huge energy consumption, high management costs and problematic

disposal of large amounts of excess sludge. Conversely, PBRs may treat real

wastewater with lower energy requirements and reduced carbon dioxide emis-

sions thanks to photosynthesis, in simplified plant configuration, and enhance

the recovery of energy from the excess biomass produced (Alcantara et al.,

2015; Sforza et al., 2018). Therefore, microalgal-bacterial based treatment has

attracted increasing attention as a future candidate to replace activated sludge

in WWTPs.

The good removal performances of PBRs have been already demonstrated at

lab- and pilot-scale, but the design procedures remain still largely undefined

(Brindley et al., 2010). Therefore, more experimental data are needed to increase

the knowledge of the treatment removal dynamics in these systems. Parame-

ters used to design activated sludge processes may be not suitable for PBRs

because the microalgal-bacterial consortia differ greatly in microbial compo-

sition, growth and decay rates. The measurement of the overall activity and

kinetics of biomass is the starting point for the design and modeling of PBRs

(Decostere et al., 2014).

A common approach in PBRs is to measure separately the kinetics of each mi-

croorganism group (heterotrophs, nitrifiers, microalgae), as each group would

be present in the consortium as a stand-alone species. However, kinetics may

differ significantly when microorganisms grow separately in pure culture or co-

exist, due to the interactions that occur in the microalgal-bacterial consortium.

Respirometry is a fast, cheap and intuitive approach based on the profiles of

dissolved oxygen (DO) and it has been extensively used for activated sludge

to measure growth kinetics, sludge decay rate and stoichiometric coefficients

(Spanjers et al., 1998). Depending on the protocols and the methods used in the

experiments, respirometric tests may offer information-rich profiles and pre-

cise estimated parameters when extended to photosynthetic systems (Tang et

al., 2014; Rossi et al., 2020). The data acquisition is analytically simple because

the continuous measurement of DO can be fully automated, thus avoiding

sampling errors and bias (Tang et al., 2014). In particular, from the slope of the

DO profiles, the following activity rates can be calculated: (1) Oxygen Produc-
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tion Rate (OPR) of photosynthetic microorganisms in the light and (2) Oxygen

Uptake Rate (OUR) of the overall consortium in the dark. If OPR is considered

positive, OUR is seen as negative. The OPR-OUR difference is known as “net

oxygen production” or “net photosynthesis” (Ippoliti et al., 2016).

Various experimental protocols have been proposed in the literature to measure

DO dynamics (Table 11.1), but the results may be not always comparable (Brind-

ley et al., 2010). Decostere et al. (2013) proposed a combined respirometric-

titrimetric unit to calibrate a basic kinetic model for microalgae. Tang et al.

(2014) suggested the need for rapid, simple and reliable methods to deter-

mine the photosynthetic activity of phototrophs. Rossi et al. (2018) developed a

respirometric protocol to determine OPR and OUR in a microalgal-bacterial

consortium: alternation of light/dark phases and dosing of specific substrates

were used to activate microalgal and bacterial metabolisms. In this way, Rossi

et al. (2018) evaluated microalgal and nitrifying activity and demonstrated the

feasibility of including respirometric tests in monitoring procedures of PBRs.

Sforza et al. (2018) used respirometry to investigate the reduction of the net

oxygen production by microalgae due to their mixotrophic metabolism. In

Sforza et al. (2019) kinetics of Chlorella protothecoides were measured under

autotrophic, heterotrophic and mixotrophic conditions. Vargas et al. (2016)

measured the activity of a consortium of microalgae and nitrifying bacteria

developed from the aerobic sludge of wastewater treatment plants.

The comparison in Table 11.1 highlights that many respirometric tests were

carried out on single species of pure microalgal cultures and often in absence of

bacteria. Therefore, these measurements give results that cannot be transferred

directly in the design of PBRs that are fed with real municipal wastewater rich in

natural bacteria (Rossi et al., 2018). Moreover, since most cultures were fed with

synthetic wastewater (Table 11.1) it was not possible to ascertain the complex

interactions that may occur in a complex medium such as real wastewater (Pas-

tore et al., 2018). To our knowledge, no respirometric measurements have been

performed previously on mixed microalgal-bacterial consortia spontaneously

acclimatized with real wastewater for long periods (years).
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The present paper gives insight into the net photosynthesis and the oxygen

requirements for biomass maintenance and substrate removal of a microalgal-

bacterial consortium spontaneously developed for more than two years in a

PBR treating real municipal wastewater. This steady-state PBR was very efficient

in the treatment of wastewater and for a long time furnished a constant quality

biomass for respirometric tests. The consortium was composed by photosyn-

thetic microorganisms, heterotrophic bacteria and nitrifying bacteria capable

of performing removal efficiency of pollutants higher than 90% without artifi-

cial aeration but exploiting photosynthesis Chapter 6.

The proposed approach for respirometric tests was developed in agreement

with the literature (Decostere et al., 2014, Rossi et al., 2018, Sforza et al., 2018).

Compared to other respirometric studies that last a fixed time (from minutes to

hours), this study proposes a standard, accurate and simply procedure to deter-

mine the photosynthetic and bacterial activities during the complete removal

of external substrates until the endogenous (basal) respiration is reached.

The tests were performed on a microalgal-bacterial consortium, not on single

species, so as to monitor the global activity, considering the interactions that

may occur among microorganisms. Photosynthetic and respiration activities

of the consortium were determined with emphasis on the kinetic and stoi-

chiometric parameters involved in the oxidation of readily biodegradable COD

(Chemical Oxygen Demand) and ammonium, which are the most important

pollutants to be removed from wastewater, in order to meet the discharge regu-

lations. This method may serve as a standard procedure for the evaluation of

parameters useful in the design of PBRs.

240



CHAPTER 11. RESPIROMETRY TO ASSESS PHOTOTROPHIC,

HETEROTROPHIC AND NITRIFYING ACTIVITY

Type of

approach
Reference microorganisms

Substrate for

feeding
Reference

Respirometry
Nitrifiers, C. emersonii,

uncultured cyanobacterium
Synthetic WW

Choi et al.

(2010)

Fiber-optic

oxygen sensors
C. sorokiniana

Specific

medium

Kliphuis et al.

(2011)

Respirometry-

titrimetry
C. vulgaris Synthetic WW

Decostere et al.

(2013, 2014)

Respirometry
C. vulgaris, Microcystis

aeruginosa (cyanobacteria)

Specific

medium

Tang et al.

(2014)

DO, light- dark

of 5’, max 30’
Isochrysis galbana

Culture

medium

Ippoliti et al.

(2016)

Respirometry
Mixed culture of microalgae

(mainly Chlorophyceae)

Effluent of an

anaerobic

urban WWT

Ruiz-Martinez

et al. (2016)

Respirometry
Nitrifying bacteria and

microalgae
WW

Vargas et al.

(2016)

Profiles of DO
Dinophyceae, Cryptophyceae,

Coscinodiscophyceae

Specific

medium

Mantikci et al.

(2017)

Respirometry C. vulgaris Synthetic WW
Najm et al.

(2017)

Respirometry
C. protothecoides + activated

sludge
Synthetic WW

Pastore et al.

(2018)

Respirometry
Microalgal- bacterial

consortium

Effluent from

biogas plant

Rossi et al.

(2018)

Respirometry
C. protothecoides + activated

sludge

Real and

synthetic WW

Sforza et al.

(2018)

Respirometry C. protothecoides
Artificial

medium

Sforza et al.

(2019)

Respirometry
Spontaneously microalgal-

bacterial consortium

Real municipal

WW
This study

Table 11.1 Respirometric approaches applied to microalgal-bacterial

consortia. DO: Dissolved Oxygen. WW: Wastewater. C.: Chlorella.
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11.2 Materials and Methods

11.2.1 Microalgal-bacterial consortium

The tested microalgal-bacterial consortium was collected from a sequencing-

batch PBR, with a volume of 2 L, working for more than 2 years and fed con-

stantly with real municipal wastewater. Pure strains of microalgae were never

inoculated in the PBR, with the aim of exploring spontaneous evolution of

the consortium representative of full-scale applications. For the same reason,

supplementary CO2, air or oxygen were not supplied in the system and pH was

measured but not controlled.

Light was provided by a LED lamp (8 led×0.5 W; Orion, Italy). The light intensity,

measured with a SQ-520 quantum sensor (Apogee Instruments, USA), was in

the range 30±5 µmol m−2 s−1 as photosynthetically active radiation (PAR). The

flow rate of the influent wastewater was 0.35 L/d.

The characteristics of the influent municipal wastewater are reported in Table

11.2. Wastewater was collected after the primary sedimentation of the Trento

Nord WWTP (Trento, Italy).

The removal efficiency of the PBR under steady state conditions are indicated in

Table 11.2 and are averages calculated over a period of 2.2 year (807 days). The

effluent quality (Table 11.2) met the requirements for the discharge in surface

waters (EU Directive 91/271/EEC). All the physical-chemical analyses indicated

in Table 11.2 were conducted according to Standard Methods (APHA, 2012).

Due to the low applied load in the PBR (approximately a third of that applied in

conventional activated sludge), no exponential growth was observed, with a low

production of excess biomass (data not shown). TSS concentration in the PBR

was around 0.9-1 g TSS/L with VSS/TSS ratio of 0.88 (VSS, Volatile Suspended

Solids).

Aliquots of mixed liquor were periodically extracted from the PBR and put in

the respirometer to test the microalgal-bacterial consortium. At the end of the
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respirometric tests the mixed liquor was put back into the PBR to avoid the loss

of biomass from the system.

11.2.2 The respirometer

The respirometer consisted of a cylindrical glass vessel (12 cm diameter ×
19 cm height) with a maximum working volume of 1.4 L. The system was heat-

jacketed to work at controlled temperature (20◦C) and mixed with a magnetic

stirrer (Figure 11.1A). The configuration was very similar to the one commonly

used for activated sludge and exhaustively described in the literature (Ziglio et

al., 2001; Spanjers and Vanrolleghem, 2016). The respirometer follows the “liq-

uid phase - static gas -static liquid (LSS) principle” (Spanjers and Vanrolleghem,

2016), which is the simplest respirometric principle due to the absence of flow-

ing liquid and gas; this is a great advantage in view of routine measurements

of kinetics. Moreover, the LSS principle can be implemented to measure the

respiration rate semi-continuously both in the lab and in the field (Spanjers

and Vanrolleghem, 2016).

For the respirometric tests under light conditions, a LED strip light (length of

about 4 m, 60 LEDs per meter with a maximum power of 10.8 W per meter;

V-TAC Europe Ltd, Bulgaria) was arranged in a circular configuration (Figure

11.1B). The light intensity was set with an electronic dimmer and the tests

Parameter
Influent real
wastewater

Effluent
Removal

efficiency
[mg/L] [mg/L] [%]

COD 258±163 68±9 66±17
TSS 119±102 40±46 65±30

NH+
4 -N 47.4±16.1 0.5±0.7 99±2

TN 55±21 16±8 69±17
TP 5.3±2.3 3.3±0.9 31±23

Table 11.2 Long term characterization (2.2 years) of influent and ef-
fluent wastewater and removal efficiency of the PBR (avg ± st.dev.).
COD: Chemical Oxygen Demand; TSS: Total Suspended Solids; TN:
Total Nitrogen; TP: Total Phosphorous.
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were performed at 90±5 µmol m−2 s−1. Under light and dark conditions, the

respirometer was covered with an aluminum foil (Figure 11.1B) to avoid the

influence of external light.

Dissolved Oxygen (DO) was recorded every 5 seconds using a Multi3510 meter

equipped with the sensor FDO®925 (WTW, Germany). The data acquisition

system controlled the DO by turning the LED lights on and off on the basis of

defined set-points in the DO profile. In this way it was possible to alternate

light and dark phases when light was turned on and off, respectively. The auto-

mated control was specifically developed by the authors (OXILISA, University

of Trento).

LIGHT CONTROL

Data acquisition

Magnetic stirrer

Thermostatic bath

LE
D

 s
tr

ip

DO sensor

Oximeter
A B

Figure 11.1 (A) Respirometric apparatus; (B) Respirometer equipped
with led and covered with aluminum foil for respirometric tests with
alternated light/dark conditions.

11.2.3 Procedure of the respirometric tests

For the respirometric tests, the mixed liquor was taken from the PBR and

put in the respirometer. The biomass concentration in the mixed liquor was

quantified as TSS following the Standard Methods (APHA, 2012). In some cases,

the mixed liquor was diluted with the treated effluent in order to obtain a final
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volume of 1.4 L with a biomass concentration around 0.9-1 g TSS/L, which was

considered optimal for investigating microalgal-bacterial consortia. In fact, at

higher TSS concentrations, the oxygen uptake rate would be too high and DO

concentration may decrease rapidly to zero in a few minutes.

The procedure applied in the respirometric tests was, in principle, similar to

that proposed recently by Sforza et al. (2019), based on a sequence of cycles

of light and dark, but with some modifications: (1) the length of the test was

not fixed but prolonged to reach a complete removal of the external substrate

(in the order of several hours); (2) the duration of light and dark phases was

not fixed but varied on the basis of two DO set-points, to maintain DO within

the same range during the test (for example in the range 7.5-8.5 mg O2/L as in

Figure 11.2A) and far from limiting conditions for the biomass.

A typical DO profile is shown in Figure 11.2A, and evident in the detail on the left

is the high accuracy of DO measurements and high reproducibility in the slope

calculation. During the tests, DO concentration dropped rapidly and linearly as

soon as the microorganisms were in the dark due to the oxygen consumption

for microorganism respiration. In order to allow repeated measurement of the

respiration rate, when DO reached the lower set-point, light was switched on so

that photosynthetic oxygenation induced a sharp increase in DO concentration

up to an upper set-point. Then light was switched off and, in this way, DO

started to decrease again. The alternation of dark and light phases resulted in a

DO profile with a “sawtooth pattern” (as in the example in Figure 11.2A) where

DO consumption and production rate (namely OUR and OPR) can be evaluated

simultaneously.

The DO range (between upper and lower set-points) should be chosen wisely

because it affects the accuracy of the respirogram: (i) when respiration is slow, a

longer time is required to reach the lower DO set-point and too few slopes may

be calculated; (ii) when respiration is fast, only a few data of DO concentration

can be acquired and the calculation of slope may be less precise (Spanjers and

Vanrolleghem, 2016).

With regard to possible effects on the biological activity induced by rapid shift-

ing from dark to light and vice versa, the literature confirms that the photosyn-
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thetic capacity of microalgae is not worsened after relatively short dark periods

(Myers and Cramer, 1948; Geider et al., 1998). Ruiz-Martinez et al. (2016) ob-

served a rapid increase in DO when light was switched on in a microalgae

culture after a very long period in the dark (48 h).

11.2.4 Respirometric data processing

From the acquired DO profile (as the example in Figure 11.2A) the following

parameters were calculated:

- the respiration rate expressed as OUR, calculated from the slopes (with

linear regression) of the DO concentration when DO declines during dark

phases (Figure 11.2B). OUR is a negative value and expressed in mg O2

L−1 h−1;

- the net photosynthesis rate expressed as OPR, which is the sum of all

processes that either produce or consume oxygen (Kliphuis et al., 2011)

and it is observed as DO increases. It is calculated from the slopes (with

linear regression) of the DO concentration when DO rises during light

phases (Figure 11.2B). OPR is a positive value and expressed in mg O2

L−1 h−1;

- the gross photosynthesis rate (gOPR) was calculated at each time point

as in Eq. 11.1 (Figure 11.2B).

gOPR(t ) =OPR(t )−OU R(t )︸ ︷︷ ︸
neg ati ve

(11.1)

The term gOPR denotes the total rate of photosynthesis given by the sum of net

photosynthesis (OPR, obtained from positive DO slopes) and dark respiration

(OUR, obtained from negative DO slopes). In other words, gOPR is calculated

by adding the net produced oxygen rate to the consumed oxygen rate (Kliphuis

et al., 2011).
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Figure 11.2 Typical respirometric test that includes exogenous respi-
ration (after the dosage of an external substrate) and endogenous res-
piration: (A) DO profile; (B) OUR in the dark and OPR in the light; the
calculation of gOPR is indicated.
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11.2.5 OPR and OUR respirograms during endogenous and

exogenous phases

OUR and OPR were measured as a function of time (t) for a duration of the

test of several hours (Figure 11.2B). The profiles of OUR and OPR over time

form respirograms. Endogenous phase (without external substrates) and exoge-

nous phase (with external substrates) were investigated. As external substrates,

the following aliquots of stock solutions were injected in the respirometer:

(1) acetate (C H3COO−) at concentration of 5-10 g COD/L to simulate readily

biodegradable COD; (2) ammonium chloride NH4Cl at concentration of 1 g

NH+
4 -N/L.

In the respirograms three phases can be distinguished:

1) the endogenous phase (in absence of external substrate), which corre-

sponds to the basal activity of the consortium and gives the minimum

OUR and maximum OPR (OURendo , OPRendo);

2) the exogenous phase. After the addition of an external substrate, the

biological removal causes a rapid DO consumption. As a consequence,

OUR increases depending on the biodegradation rate and at the same

time OPR decreases due to the enhanced oxygen demand (Figure 11.2B);

3) the endogenous phase, when the external substrate is completely de-

pleted; the consortium and thus the respirogram, returns to the minimum

OUR values and the maximum OPR values (Figure 11.2B).

The oxygen uptake rate for substrate oxidation during the exogenous phase

(OURexo in dark or light) can be calculated as the difference between OUR or

OPR profiles and OURendo or OPRendo , respectively, according to Eq. 11.2 and

11.3.

(dark) OU Rexo,d ar k (t ) =OU Rendo(t )−OU R(t ) (11.2)

(light) OU Rexo,l i g ht (t ) =OPRendo(t )−OPR(t ) (11.3)

Specific values (SOPR and SOUR) per unit of TSS can be calculated by dividing

OUR and OPR by the TSS concentration in the mixed liquor measured at the
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beginning of each test.

For each substrate, the respirometric tests were repeated at least in triplicate.

11.2.6 Correction of the respirograms

11.2.6.1 De-oxygenation

When DO concentration exceeds saturation, a certain amount of oxygen

may leave the liquid phase, stripping into the atmosphere. Therefore, in the

case of supersaturation, OUR or OPR must be corrected by taking the oxygen

transfer rate into account. In the respirometric tests reported in this study, the

correction was not made because the DO concentration was maintained at

values always below the saturation level.

11.2.6.2 Re-oxygenation

When OUR or OPR are too low, spontaneous re-oxygenation, which is the

oxygen transfer from the atmosphere to the liquid phase, cannot be neglected

and it can be favored by mixing. Re-oxygenation was estimated in the respirom-

eter with an abiotic test carried out with sterilized biomass that ensured biologi-

cal OPR and OUR equal to 0, but included the influence of solids density. In this

way rising DO was solely due to the re-oxygenation (Figure 11.3A). The mass

balance of oxygen was described as reported in Eq. 11.4, where Cs and C are

the DO concentrations at saturation (experimental temperature = 20◦C) and in

the bulk liquid, respectively. The coefficient kL a is the overall volumetric gas-

liquid mass transfer coefficient, and it was estimated following the log-deficit

procedure as described in ASCE (ASCE, 1993; Figure 11.3B).

dC

d t
= kL a · (Cs −C ) (11.4)

A value of 0.0059 min−1 was found in our research. Values in the same order

of magnitude (0.0033 min−1) were reported by Sforza et al. (2019), even if with

different respirometers.
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During the respirometric test, the variation of DO concentration in the

microalgal-bacterial consortium was described with the Eq. 11.5 and 11.6 for

dark and light conditions, respectively.

(dark)
dC

d t
= kL a · (Cs −C )︸ ︷︷ ︸

posi t i ve

+ OU R︸ ︷︷ ︸
neg ati ve

(11.5)

(light)
dC

d t
= kL a · (Cs −C )︸ ︷︷ ︸

posi t i ve

+ OPR︸ ︷︷ ︸
posi t i ve

(11.6)

From Eq. 11.5 and 11.6, it is clear that re-oxygenation causes underestimation

of real OUR and overestimation of real OPR. The estimation of kL a made it

possible to extrapolate the real biological DO consumption or production,

which are OUR or OPR.
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Figure 11.3 (A) Re-oxygenation in the respirometer due to mixing, eval-
uated with sterilized biomass. (B) Estimation of kL a through linear
regression

11.2.6.3 Artificial oxygenation may be required

When the photosynthetic DO production rate is too slow to compensate the

DO consumption by the biomass (that is OPR<<OUR), the time required for

increasing DO concentration up to the upper set-point (see Figure 11.2A) may

be too long. In this case, additional artificial aeration can help to supply the

required oxygen. In our research, the microalgal-bacterial consortium did not
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require artificial aeration since OPR resulted in the same order of magnitude of

OUR.

11.2.7 Flow cytometry

The quantification of microalgae in the mixed consortium was performed

by flow cytometry (FCM; model Apogee-A40 supplied by Apogee Flow System,

UK)as described in Chapter 12. Briefly, this analysis allowed the rapid and

automated detection of microbial cells at rate of several thousands of cells per

minute, by acquiring two light scattering signals and three fluorescence signals.

Microalgae were detected by exploiting the emitted red autofluorescence due

to their natural pigments.

The FCM analysis was based on the following steps:

1) 20 mL of sample was placed in a beaker and diluted 1:5 v/v in Phosphate-

Buffered-Saline (PBS, 3 g K2HPO4, 1 g KH2PO4 and 8.5 g NaCl L−1; pH =

7.2);

2) disaggregation of the suspension to ensure the dispersion of cells using

sonication at specific energy of 80 kJ/L;

3) further dilution 1:10 v/v with PBS;

4) filtration on 20-µm-membrane to eliminate coarse particles that could

clog the nozzle of the flow cytometer;

5) analysis with FCM and absolute counts of photosynthetic organisms (red

fluorescent). Finally, the concentration of cells was expressed per volume

(cells/L) or per unit of TSS (cells/g TSS).

11.3 Results and Discussion

The mixed microalgal-bacterial consortium was a very complex community

composed of microalgae, cyanobacteria, heterotrophic bacteria and nitrifying

bacteria. Still not completely clear is the role of mixotrophic metabolism of

photosynthetic microorganisms involved in wastewater treatment and their

interactions with the bacteria. How mixotrophy depends on environmental
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conditions is still largely unknown, as well as the relative kinetics (Sforza et

al., 2019). When photosynthetic microorganisms exploit mixotrophy, a lower

amount of oxygen may remain for heterotrophic bacteria and nitrifiers (Sforza

et al., 2018). For these reasons, in our research, microalgae, cyanobacteria,

heterotrophic bacteria and nitrifying bacteria were not studied as separate

groups, and therefore the kinetics were measured for the whole biomass.

The microalgal-bacterial consortium was tested in the dark and in the light

applying different metabolic conditions: (1) endogenous phase that occurs

in absence of external substrates; (2) removal of readily biodegradable COD

represented by acetate; (3) oxidation of ammonium (NH+
4 ). The endogenous

phase corresponds to the maintenance respiration that is the minimum of

energy required for survival (Mantikci et al., 2017), while the exogenous phase

regards the utilization of substrates for biosynthesis and thus for growth. In the

next sections the results on OUR and OPR are described for all these metabolic

conditions.

11.3.1 Endogenous condition (absence of external

substrates)

During endogenous dark conditions, photosynthetic microorganisms catab-

olize internal metabolites accumulated from photosynthesis and heterotrophic

bacteria utilize dissolved organic matter derived from the cellular lysis or origi-

nated previously from photosynthesis (Mantikci et al., 2017). In the absence of

external substrates, it was assumed that the intracellular storage was depleted

and the net growth of biomass did not occur. Respiration at zero growth has

been termed “maintenance respiration” by Langdon (1998) for phototrophs,

heterotrophs and nitrifiers.

Under endogenous conditions with light, only photosynthetic microorganisms

grow because through photosynthesis they can use CO2 as a carbon source,

increasing DO at the same time.

Respirograms in the light - In the endogenous phase, OPR is maximum be-

cause oxygen is produced in surplus since it is consumed only for maintenance
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respiration. An average OPR of 8.3±0.3 mg O2 L−1 h−1 was measured at 90±5

µmol m−2 s−1 (Figure 11.4A), corresponding to a SOPR of 9.5±0.6 mg O2 g

TSS−1 h−1 (0.23 g O2 g TSS−1 d−1 on a daily basis). This value depends on the

light intensity used in this study, which was not optimized. It is worth noting

that OPR expresses the photosynthetic rate and may rise remarkably at higher

illumination (Béchet et al., 2013). SOPR indicated by Najm et al. (2017) in an

algal membrane photobioreactor (pure Chlorella vulgaris) was 17.3 mg O2 g

MLSS−1 h−1 under a light intensity of 135 µmol m−2 s−1, which was higher than

that used in our research. Thus, OPR of mixed microalgal-bacterial consortia

depends on the intensity of light. To compare the results of different researches,

the irradiance (or better the photosynthetic active radiation) applied in the

measurement of OPR should be specified.

Decostere et al. (2014) highlighted that also the biomass concentration affects

the maximum OPR. For Chlorella vulgaris, the maximum OPR was 1.9 and 4.8

mg O2 L−1 h−1 in the case of low (0.1 g DW/L) and high (0.5 g DW/L) biomass

concentration, respectively. The corresponding SOPR was thus 0.48 and 0.26

g O2 g DW−1 d−1 for low and high biomass concentrations, respectively (De-

costere et al., 2014). The reason why the specific photosynthetic activity was

lower at higher biomass concentrations was the self-shading effect that occurs

when the density increases. The SOPR of 0.23 g O2 g TSS−1 d−1 found in the

present study at TSS concentration of 0.9±0.1 g TSS/L was very similar to 0.26 g

O2 g DW−1 d−1 found by Decostere et al. (2014) at 0.5 g DW/L.

Respirograms in the dark - Endogenous OUR was in the range of 0.5±0.1 mg

O2 L−1 h−1 (Figure 11.4B). These values were in the same order of magnitude

as those found by Ruiz-Martinez et al. (2016) for mixed culture of microalgae

grown with urban effluent wastewater.

In agreement with the literature (Ruiz-Martines et al., 2016), the endogenous

profile decreased over time (t) according to an exponential decay equation (Eq.

11.7).

OU R(t ) =OU R0 ·e−b·t (11.7)

In Eq. 11.7 OUR0 is the OUR at the beginning of the test, while the decay rate (b)
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can be calculated from the slope of the line that interpolates the experimental

points of OUR, plotted on a semi-logarithmic graph.

The decay rate for the tested microalgal-bacterial consortium was 0.018±0.003

d−1, particularly small compared to the values measured in conventional acti-

vated sludge. In fact, in activated sludge b is 0.24 d−1 for heterotrophic bacteria

and 0.04 d−1 for nitrifying bacteria (Henze et al., 2008). Instead, in microalgal

consortia, very variable values of decay rate have been reported in the litera-

ture. Decostere et al. (2013) found a decay rate of 0.0096 d−1 (0.0004 h−1) for

Chlorella vulgaris cultivated in a growth medium (BG-11) while Ruiz-Martinez

et al. (2016) measured values in the range of 0.12-0.43 d−1 (0.005-0.018 h−1)

for a microalgae culture mainly composed (>99%) of Chlorococcales, grown

in a semi-continuous reactor fed with the effluent of a submerged anaerobic

membrane bioreactor.

Tang et al. (2014) reported phototrophic decay coefficients of about 0.08 d−1 for

Microcystis aeruginosa (cyanobacterium) and Chlorella vulgaris (microalgae)

in axenic cultures. The wide differences in the decay rates reported for pho-

totrophs (range of 0.003-0.1 d−1 cited by Decostere et al., 2013) may be due to

different cultivation conditions (such as growth medium and retention time),

short or prolonged respiration tests, metabolic conditions or intracellular stor-

age that may have affected the maintenance respiration. Mantikci et al. (2017)

demonstrated that the dark respiration rate of phytoplankton was a function of

the intracellular carbon accumulated during previous photosynthetic activity,

and thus of the light dose. These authors observed that, in the case of long

periods in darkness, from several hours to days, the dark respiration rate of

phytoplankton became constant, reaching the maintenance respiration rate.

Low values of respiration permit the cell to stay viable for a longer time, and

this is an adaptation that serves to survive prolonged dark periods.

The particularly slow decay rate measured in microalgae suggests that their

biomass decreases slowly even in the absence of feeding, and this aspect may

be positively exploited in PBRs to maintain an efficient biomass even in the

case of sporadic feeding.
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Comparison between light and dark conditions - Considering OPR of photo-

synthetic microorganisms under light conditions and OUR of the entire biomass

in the dark, the gross photosynthesis rate (gOPR) in endogenous condition was

calculated according to Eq. 11.1. The gOPR was 8.8±0.2 mg O2 L−1 h−1 and

corresponded to a specific value of 9.8±0.2 mg O2 g TSS−1 h−1. The gOPR was

very similar to the net OPR because OUR contributed only 6% of gOPR. The

gOPR value was associated with a microalgal concentration (measured by FCM)

of 2.5×1010 cells/L and 2.7×1010 cells/g TSS. On the basis of this cell density, a

per-cell gOPR of 350 fg O2 cell−1 h−1 was calculated. Tang et al. (2014) measured

an oxygen production of 3.2 mg O2/L after 20 min of light (at 50±5 µmol m−1

s−1), that corresponded to 9.6 mg O2 L−1 h−1, in the presence of microalgae

with a cell density of about 6-7×109 cells/L. The per-cell OPR calculated by Tang

et al. (2014) was 42±1 and 49±2 fmol O2 cell−1 h−1 for microalgae (Chlorella

vulgaris) and cyanobacteria (Microcystis aeruginosa), respectively.

Considering the typical chlorophyll content of microalgal cells, the ideal OPR

should be 25-400 fmolO2 cell−1 h−1 (Lee and Palsson, 1994). In our case, OPR

was 11 fmol O2 cell−1 h−1; this low value may have been due to limited light irra-

diance and self-shading of the biomass (composed of microalgae and bacteria).

11.3.2 Kinetics with readily biodegradable COD

The respirograms obtained in one of the three respirometric tests with the

addition of readily biodegradable COD (acetate) are shown in Figure 11.5, in

which the profiles of OPR (in the light, Figure 11.5A) and OUR (in the dark,

Figure 11.5B) are compared.

Respirograms in the light - At the beginning of the test, under endogenous

conditions, the OPR was maximum. In the respirometric test of Figure 11.5A,

the OPRendo had values of 7.4±0.2 mg O2 L−1 h−1. These high values were associ-

ated with high photosynthetic capacity (Mantikci et al., 2017). After COD dosage,

the OPR decreased due to the increased oxygen demand for the substrate re-

moval that consumed most of the oxygen produced by photosynthesis. The OPR

decreased to 1.0±0.4 mg O2 L−1 h−1 with a reduction of about 86%. When COD
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Figure 11.4 Respirometric tests in endogenous conditions: (A) OPR in
the light; (B) OUR in the dark.

was completely depleted, the system did not require such an amount of oxygen,

and OPR increased, returning to the higher endogenous OPR values. Figure

11.5A shows: (1) the endogenous OPR interpolation, where values of OPRendo

are at the maximum level due to the scant oxygen demand and (2) the reduction

of OPR due to COD oxidation, called OURexo,COD,l i g ht , which was calculated

according to Eq. 11.3. In the test shown in Figure 11.5, OURexo,COD,l i g ht was

6.5±0.4 mg O2 L−1 h−1.

Respirograms in the dark - In the test shown in Figure 11.5 the endogenous

OUR (OURendo) was initially of about 0.6±0.1 mg O2 L−1 h−1 (negative values

in Figure 11.5B). In this phase, the external substrates and thus growth were
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absent; hence, oxygen was used for maintenance respiration. Then the COD

dosage caused an increase of OUR for the oxidation of the substrate. OUR

reached a plateau of about 8.3±0.5 mg O2 L−1 h−1 on average. When COD

was completely depleted, exogenous respiration stopped and OUR returned

gradually to the endogenous level. Figure 11.5B shows: (1) the endogenous OUR

interpolation, associated with the maintenance respiration of photosynthetic

microorganisms and bacteria, also called “dark respiration” where values of

OURendo are at the minimum level, and (2) the exogenous OUR due to COD

oxidation, called OURexo,COD,d ar k , which was calculated according to Eq. 11.2.

In the test of Figure 11.5, OURexo,COD,d ar k was 7.8±0.5 mg O2 L−1 h−1.

Comparison between light and dark conditions - OURexo,COD,l i g ht and

OURexo,COD,d ar k are compared in Figure 11.5C. Although OUR is mainly at-

tributed to heterotrophic bacteria, which are largely responsible for COD oxi-

dation in the light and in the dark, heterotrophs are not the only responsible

for oxygen consumption. The slightly higher OURexo,COD,d ar k (7.8±0.5 mg O2

L−1 h−1) with respect to OURexo,COD,l i g ht (6.5±0.4 mg O2 L−1 h−1) may be as-

sociated with two aspects: (1) mixotrophic metabolism of microalgae and/or

(2) mitochondrial respiration of eukaryotic microalgae. Although microalgae

have mainly an autotrophic metabolism, under dark they can assimilate car-

bonaceous substrates thanks to a mixotrophic metabolism (Liu et al., 2018;

Sforza et al., 2018). This effect may increase the OUR during the dark period, as

a consequence of the additional microalgal oxygen consumption. Mitochon-

drial respiration is a mechanism that enables cells to utilize oxygen to produce

energy for a limited period in the dark (Kliphuis et al., 2011). Photorespiration

is another mechanism that may affect OUR (Xie et al., 2016; Checchin et al.,

2018), but it occurs only above oxygen saturation (around 9 mg O2/L at the

temperature and pressure of our tests).

With regard to specific values (per unit of TSS), in the test shown in Figure 11.5,

SOURexo,COD,d ar k was 8.6±0.5 mg O2 g TSS−1 h−1 and SOURexo,COD,l i g ht was

7.2±0.4 mg O2 g TSS−1 h−1.

The gross photosynthesis rate (gOPR), which is the net photosynthesis rate
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plus the dark respiration rate according to Eq. 11.1, is shown in Figure 11.5D.

The profile increased slightly after the COD dosage. This may have been due

to the limited availability of CO2 during the endogenous phase while the COD

oxidation may have contributed to supplying CO2 that increased the rate of

photosynthesis (in other words, the OPR). However, this speculation needs

further experimentation to confirm and explain the variations of gOPR.

Kinetic and stoichiometric parameters - The kinetic parameters under light

and dark, and the stoichiometric constant YCOD were measured in triplicate

with COD dosages of 40 or 80 mg COD/L. The results are summarized in Table

11.3.

The biomass yield (YCOD ) is an adimensional stoichiometric parameter that

accounts for the fraction of COD that is synthesized in biomass. Conversely,

1-YCOD accounts for the fraction converted into CO2. YCOD can be estimated us-

ing the expression of Eq. 11.8 (Henze et al., 2008), where ∆COD is the removed

COD (equal to the added readily biodegradable substrate, 40 or 80 mg COD/L),

and the mass of oxygen consumed for COD oxidation (∆O2) is the integral of

the entire exogenous respirogram, including both dark and light phases.

YCOD = 1− ∆O2

∆COD
(11.8)

The parameter YCOD was estimated in triplicate (Table 11.3) and proved to

be 0.66±0.04 on average. This confirms that the mixed microalgal-bacterial

consortium had a stoichiometric parameter perfectly in agreement with the

typical value of 0.67 for conventional activated sludge (Henze et al., 2008).

Instead, the biomass/carbon yield of microalgae, which is the ratio of organic

carbon that is actually fixed in the biomass, was measured by Sforza et al.

(2018) using acetate as organic carbon source and a value of 0.78 g C/g C

(adimensional) was found for Chlorella.

The specific COD oxidation rate (vCOD , expressed as mg COD g TSS−1 h−1) was

calculated from the exogenous SOUR in the light and in the dark, following Eq.

11.9 and 11.10, respectively.

vCOD,l i g ht =
SOU Rexo,COD,l i g ht

1−YCOD
(11.9)
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vCOD,d ar k = SOU Rexo,COD,d ar k

1−YCOD
(11.10)

The kinetic parameter vCOD at 20◦C was 19.3±4.8 mg COD g TSS−1 h−1 on aver-

age in the dark, slightly higher than 18.0±4.0 mg COD g TSS−1 h−1 in the light

(Table 11.3).

In the design of PBRs, vCOD,l i g ht can be assumed for daily hours (for example

12 h/d); instead, COD removal in the dark is only possible when the DO concen-

tration in the bulk liquid is available. Therefore vCOD,d ar k can be assumed only

for a couple of hours at the beginning of the night. In the dark, in the absence

of photosynthesis, DO undergoes a rapid consumption and when it drops to

zero, the oxidation of COD cannot be further supported.

Parameters Units
Test

Avg ± st.dev.
1 2 3

TSS [g TSS/L] 1.06 0.88 0.9 0.89±0.01
YCOD [-] 0.7 0.63 0.66 0.66±0.04

Kinetics in the light
OURexo,COD,l i g ht [mg O2 L−1 h−1] 6.2 4.4 6.5 5.7±1.1
SOURexo,COD,l i g ht [mg O2 g TSS−1 h−1] 5.8 5 7.2 6.0±1.1

vCOD,l i g ht [mg COD g TSS−1 h−1] 19.3 13.5 21.2 18.0±4.0
Kinetics in the dark
OURexo,COD,d ar k [mg O2 L−1 h−1] 5.9 5.2 7.8 6.3±1.3
SOURexo,COD,d ar k [mg O2 g TSS−1 h−1] 5.6 5.9 8.6 6.7±1.6

vCOD,d ar k [mg COD g TSS−1 h−1] 18.6 15.9 25.3 19.3±4.8

Table 11.3 Kinetic parameters at 20◦C in the light and in the dark and
the biomass yield (YCOD ) of the microalgal-bacterial consortium tested
with readily biodegradable COD.
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Figure 11.5 Respirometric test with readily biodegradable COD: (A)
OPR in the light; (B) OUR in the dark; (C) comparison between
OURexo,COD,l i g ht and OURexo,COD,d ar k during the exogenous phase;
(D) profile of the gross photosynthesis rate (gOPR).
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11.3.3 Kinetics with ammonium nitrogen (NH+
4 )

The respirometric tests were carried out in the presence of ammonium,

but without external carbon substrates and thus with no net heterotrophic

growth. Therefore, the uptake of ammonium by heterotrophic bacteria for their

synthesis was negligible.

Nitrifiers oxidize ammonium to nitrate but require a supply of oxygen. In

microalgal-bacterial consortia for wastewater treatment, the required oxygen

may be supplied by photosynthesis (Vargas et al., 2016) thanks to the symbiotic

coexistence of photosynthetic microorganisms and bacteria. Moreover, photo-

synthetic microorganisms can use ammonium for their growth. In particular,

ammonium is preferred to nitrate as a nitrogen source for the growth of mi-

croalgae and cyanobacteria (Tang et al., 2014).

The respirograms obtained in one of the three respirometric tests after spiking

with NH+
4 are shown in Figure 11.6, where the profiles of OPR (in the light,

Figure 11.6A) and OUR (in the dark, Figure 11.6B) are compared.

Respirograms in the light - In the respirometric test of Figure 11.6A, the addi-

tion of ammonium caused an immediate reduction of OPR from the maximum

value of 9.0±0.4 mg O2 L−1 h−1 to a plateau of 6.4±0.1 mg O2 L−1 h−1. When OPR

returned to the maximum endogenous OPR, it meant that ammonium removal

was completed. Figure 11.6A shows: (1) the endogenous OPR interpolation and

(2) the reduction of OPR for ammonium oxidation (OURexo,N H ,l i g ht ), calculated

according to Eq. 11.3, which was 2.6±0.1 mg O2 L−1 h−1.

Respirograms in the dark - In Figure 11.6B, the initial endogenous OUR

was 0.6±0.1 mg O2 L−1 h−1. After spiking with ammonium, the oxygen demand

increased and OUR reached a plateau of 3.9±0.2 mg O2 L−1 h−1. When ammo-

nium was depleted, the profile returned to endogenous OUR values. Figure

11.6B shows: (1) the endogenous OUR interpolation and (2) the exogenous OUR

for ammonium oxidation, called OURexo,N H ,d ar k , which was 3.3±0.1 mg O2 L−1

h−1 (according to Eq. 11.2).

Comparison between light and dark conditions - Figure 11.6C shows the
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comparison between OURexo,N H ,l i g ht and OURexo,N H ,d ar k . In the respirograms

the values of the plateau differed significantly in the dark or light: OURexo,N H ,l i g ht

was 2.6±0.1 mg O2 L−1 h−1, significantly lower than 3.3±0.1 mg O2 L−1 h−1 in

the dark (OURexo,N H ,d ar k ), indicating 21% of reduction.

Vergara et al. (2016) investigated with respirometry the influence of light on

ammonium oxidation in PBRs, and no significant effects were observed for

irradiances below 250 µmol m−2 s−1. Due to the moderate irradiance used in

the present study (90±5 µmol m−2 s−1), the occurrence of photoinhibition of

nitrifiers was excluded. Choi et al. (2010) reported that phototrophic microbial

growth inhibited the maximum nitrification rate. In particular, in the pres-

ence of microalgae (Chlorella emersonii) and an uncultured cyanobacterium,

the maximum specific OUR measured after the addition of ammonium was

reduced by 77% (Choi et al., 2010). Although the nitrifying bacterial commu-

nity remained constant, the presence of the phototrophic species caused a

reduction of nitrifying activity by a factor of 4 (Choi et al., 2010). Choi et al.

(2010) concluded that the cause of nitrification inhibition by microalgae and

cyanobacteria could be competition for carbon dioxide and NH+
4 used by both

nitrifiers and microalgae. Further research is needed to investigate the interac-

tion between microalgae and nitrification.

With regard to specific values (per unit of TSS), in the test of Figure 11.6,

SOURexo,N H ,l i g ht was 2.8±0.1 mg O2 g TSS−1 h−1 and SOURexo,N H ,d ar k was

3.6±0.1 mg O2 TSS−1 h−1. These values were approximately half of that found

by Rossi et al. (2018) who measured 5.4-7.5 mg O2 g TSS−1 h−1. However, Rossi

et al. (2018) used the wastewater coming from an anaerobic process character-

ized by high ammonium concentration and recalcitrant organics that may have

favored the enrichment of nitrifiers in the biomass.

Kinetic and stoichiometric parameters - From the exogenous OUR under

light and dark conditions, the kinetic of ammonium oxidation and the stoichio-

metric coefficient fO2/N H were calculated in triplicate with dosages of 3 or 6 mg

NH+
4 -N/L. The results are shown in Table 11.4.

The oxygen-over-ammonium coefficient ( fO2/N H ) is given by Eq. 11.11, which
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derives from the stoichiometric redox reaction of ammonium oxidation, where

∆N H4 is the amount of ammonium added and removed in the test and the

amount of oxygen utilized (∆O2) is the integral under the entire exogenous OUR

profile.

fO2/N H = ∆O2

∆N H4
(11.11)

The average fO2/N H was 2.8±0.3 g O2/g N in the light and 4.4±0.5 g O2/g N in

the dark.

In the dark, when the photosynthetic activity was absent, fO2/N H was similar to

the values (4.16 or 4.6 g O2/g N) typically assumed for bacterial nitrification in

activated sludge (Tchobanoglous et al., 2003; Henze et al., 2008; Vargas et al.,

2016). Vargas et al. (2016) indicated a theoretical yield of 0.281 g NH+
4 /g O2 for

nitrifying bacteria (corresponding to 4.6 g O2/g NH+
4 -N) in mixed cultures of

microalgae and nitrifiers. Instead, the low fO2/N H found in the light (2.8±0.3 g

O2/g N) may have been due to the growth of photosynthetic microorganisms

that subtracted ammonium, resulting in a smaller amount of oxygen required

for nitrification.

The specific nitrification rate (vN H , expressed as mg NH+
4 -N g TSS−1 h−1) was

calculated in the dark from the exogenous SOUR following Eq. 11.12.

vN H = SOU Rexo,N H ,d ar k

fO2/N H
(11.12)

The nitrification rate vN H at 20◦C was 0.92±0.14 mg NH+
4 -N g TSS−1 h−1 on

average. This value was very similar to the ammonium removal rate measured in

the light (0.91±0.07, Table 11.4) that includes simultaneously both nitrification

and phototrophic synthesis.

Taking the ratio VSS/TSS of 0.88 for the microalgal-bacterial consortium into

account, an average vN H of 1.04 mg NH+
4 -N g VSS−1 h−1 was calculated. Vargas

et al. (2016) measured the ammonium removal rate of microalgae and nitrifying

bacteria and found values of 0.83 and 2.1 mg NH+
4 g VSS−1 h−1, respectively.
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Parameters Units
Test

Avg ± st.dev.
1 2 3

TSS [g TSS/L] 0.89 0.8 0.93 0.87±0.07
Kinetics in the light
OURexo,N H ,l i g ht [mg O2 L−1 h−1] 2.1 2.2 2.6 2.3±0.3
SOURexo,N H ,l i g ht [mg O2 g TSS−1 h−1] 2.4 2.7 2.8 2.6±0.2

fO2/N H [mg O2/ mg NH+
4 -N] 2.5 2.9 3.1 2.8±0.3

vN H
∗ [mg NH+

4 -N g TSS−1 h−1] 0.96 0.93 0.83 0.91±0.07
Kinetics in the dark
OURexo,N H ,d ar k [mg O2 L−1 h−1] 3.8 3.2 3.3 3.5±0.3
SOURexo,N H ,d ar k [mg O2 g TSS−1 h−1] 4.3 4 3.7 4.0±0.3

fO2/N H [mg O2/ mg NH+
4 -N] 4 5 4.2 4.4±0.5

vN H [mg NH+
4 -N g TSS−1 h−1] 1.07 0.8 0.88 0.92±0.14

∗ In the light, vN H is the ammonium removal rate and includes simultaneously nitrification and pho-

totrophic synthesis.

Table 11.4 Kinetic parameters at 20◦C and the coefficient fO2/N H in the
light and in the dark of the microalgal-bacterial consortium tested with
NH+

4 -N.
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Figure 11.6 Respirometric test with NH+
4 : (A) OPR in the light; (B)

OUR in the dark; (C) comparison between OURexo,N H ,l i g ht and
OURexo,N H ,d ar k during the exogenous phase; (D) profile of the gross
photosynthesis rate (gOPR).
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11.4 Conclusion

This study has proposed a comprehensive respirometric protocol to charac-

terize the kinetic parameters of microalgal-bacterial consortia treating waste-

water.

A consortium, developed in a stable PBR for 2 years, was investigated in endoge-

nous and exogenous conditions, in the presence of readily biodegradable COD

and ammonium, separately, under light and dark conditions.

The gross photosynthesis rate (gOPR) was 9.8±0.2 mg O2 g TSS−1 h−1, which

corresponded to 11 fmol O2 cell−1 h−1 for each microalgal cell. The entire con-

sortium had a very low specific endogenous respiration, which was 0.6±0.1 mg

O2 g TSS−1 h−1. At 20◦C, in the light and in the dark, the specific COD oxidation

rate was 18.0 and 19.3 mg COD g TSS−1 h−1, respectively. In the presence of am-

monium, the nitrification rate measured in the dark was 0.92±0.14 mg NH+
4 -N

g TSS−1 h−1.

Respirometry highlighted that gOPR was just barely enough to cover the sum

of the SOUR for endogenous respiration, COD oxidation and ammonium ox-

idation (0.6, 6.7 and 2.6 mg O2 g TSS−1 h−1, respectively). This suggests that

in the microalgal-bacterial consortia the availability of oxygen may be limited

when treating real municipal wastewater since it contains various compounds

to oxidize.

In conclusion, the respirometric approach proposed in this paper may make an

additional contribution to the investigation of microalgal-bacterial consortia

treating wastewater, adding new information useful in the design of PBRs.
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12
ANALYSIS AND QUANTIFICATION OF
MICROALGAL-BACTERIAL CONSORTIA
USING FLOW CYTOMETRY

In this Chapter the composition of the microalgal-bacterial consortium in the Pilot

(Chapter 6) was analyzed with flow cytometry (FCM).

The feasibility of FCM to analyze qualitatively and quantitatively microalgal-bacterial

consortia was proved. A multi-step procedure of sample preparation was developed

to ensure the accuracy of the FCM analysis. Fluorescent and scattering signals were

discussed and interpreted to distinguish and quantify microalgae and bacteria.

The FCM approach proposed represents a valuable tool to enhance the knowledge

about the composition and the quantification of microalgal-bacterial consortia, and

could be included in monitoring procedures of photobioreactors.

This research was made in collaboration with Agenzia per la Depurazione (ADEP) -

Autonomous Province of Trento

This Chapter is based on:

Foladori P., Petrini S., Bruni L., Andreottola G. Bacteria and photosynthetic cells in a

photobioreactor treating real municipal wastewater: analysis and quantification using

flow cytometry. Algal Research, UNDER REVIEW.
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Abstract

Wastewater born microalgal-bacterial consortia in closed photobioreactors (PBRs)

have demonstrated high efficiency in pollutant removal, relying only on photosynthetic

oxygenation. However, their qualitative and quantitative composition is still poorly

understood.

In this paper, flow cytometry was extended to analyze a microalgal-bacterial consor-

tium developed in a long-term PBR treating real municipal wastewater. A multi-step

procedure was proposed to ensure the accuracy of the FCM analysis. Ultrasonication at

specific applied energy of 90 kJ L−1 was identified as optimal for sample pre-treatment

to recover the maximum number of bacteria and photosynthetic cells while avoiding

their disruption. Fluorescent and scattering signals were used to distinguish and quan-

tify microalgae and bacteria.

In the tested consortium, bacteria (marked green with SYBR-Green I) were 98% of

total cells (on average 1.2E+12 cells/L) while microalgae (having red autofluorescence)

accounted for only 2% of total cells (2.8E+10 cells/L). Microalgae were characterized by

a biovolume 2 orders of magnitude larger than bacteria, resulting in a photosynthetic

biomass quantitatively comparable to bacteria.

The proposed FCM approach represents a valuable tool with which to enhance knowl-

edge about the composition and quantification of microorganisms in PBRs, which have

not yet been fully understood.

12.1 Introduction

The treatment of municipal and industrial wastewater based on microalgal-

bacterial consortia represents a promising sustainable solution to activated

sludge. Microalgal photosynthesis represents a cost-effective means with which

to produce the oxygen to support bacterial activity and at the same time se-

questering the CO2 produced by bacterial oxidation (Kang et al., 2018).

In the last years, microalgal-bacterial consortia have proved to be effective in

the treatment of different types of wastewater without artificial aeration (Cai et

al., 2013; Arcila and Buitrón, 2016; Wang Y. et al., 2016; Lee and Lei, 2019). Good

removal efficiency of pollutants from municipal wastewater has been demon-
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strated at a lab- and pilot-scale in closed photobioreactors (PBRs) (Gutzeit et

al., 2005; Su et al., 2011; Ye et al., 2018b ), usually operated as photo-sequencing

batch reactors (Arcila and Buitrón, 2016; Wang L. et al., 2016). However, this

technology is in its early stage of development (Molinuevo-Salces et al., 2019)

and still little is known about the composition of consortia that naturally de-

velop when treating real wastewater (Arango et al., 2016; Cho et al., 2017; He

et al., 2013; Kang et al., 2018; Tsioptsias et al., 2016). The monitoring of the

proportion of microorganisms in the consortia may be useful for interpreting

changes in biomass characteristics (Luo et al., 2018) depending on design or

operational conditions.

Microalgal-bacterial consortia are complex microcosms that consist of var-

ious eukaryotic microalgae and cyanobacteria coexisting with a large variety

of bacteria, extracellular polymeric substances, colloids and inerts, embedded

in flocs or granules (Su et al., 2011; Quijano et al., 2017; Chapter 6). Although

several approaches have been applied to characterize these mixed commu-

nities in terms of concentration and abundance of different microorganisms,

they remain only poorly understood. Microalgal-bacterial consortia have been

characterized by means of physical, chemical or biological approaches (Perera

et al., 2019).

Physical-chemical methods to assess biomass concentration, such as suspended

solids and optical density measurements, permit only a gross estimation of

biomass because inert and abiotic matter are included in the result. In addition,

optical density and chlorophyll content only allow the estimation of photosyn-

thetically active microorganisms, while bacteria cannot be detected.

Biological approaches that can be implemented without cultivation (such as

epifluorescence microscopy, fluorescent-in-situ-hybridization, flow cytometry

or metagenomics), provide more detailed information about the composition

of the biomass.

Among these approaches, microscopy is a time-consuming and low-resolution

analysis, especially when the quantification of abundance, size and biovolume

of the microorganisms is required. Specific microbial groups can be identified
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with high sensitivity and specificity, using fluorescent in situ hybridization

(FISH) through rRNA-targeted fluorescently labelled oligonucleotide probes.

However, the quantification of stained cells proves difficult in complex and

dense aggregates such as microalgal-bacterial consortia.

Flow cytometry (FCM) is a powerful multi-parametric analysis that acquire light

scattering and fluorescence of suspended particles when passing through a

laser beam (Section Supplementary).

FCM has gained increasing attention in environmental microbiology and in

the water sector (Safford and Bischel, 2019) thanks to its accuracy and also to

the short analysis time. FCM can quantify 104-105 cells at a rate of 100-1000

cells per second with high accuracy and precision in the enumeration (Porter et

al., 1997; Steen, 2000; Tracy et al., 2010) providing statistically representative

results (Foladori et al., 2010b). FCM is suited to the analysis of photosynthetic

microorganisms because they contain natural fluorescent pigments, such as

chlorophylls and phycobilins (Peniuk et al., 2016), easily detectable as strong

red or orange fluorescence without using fluorescent dyes (Hyka et al., 2013).

Compared to the ‘-Omics’ approach, FCM analysis does not yield that deep

level of species-specific information. However FCM is cheaper, faster and easier

in the application, retrieving useful quantitative and qualitative data.

Since the 1990s, FCM has been widely applied in marine and aquatic micro-

biology to study phytoplankton (Sosik and Olson, 2007; Yentsch and Yentsch,

2008). Recently, FCM has been extended to microalgae cultures (Hyka et al.,

2013; Peniuk et al., 2016; López-Rosales et al., 2016). However, there are few

examples of FCM applied to microalgal consortia (Marchão et al., 2018) and

microalgal-bacterial consortia, in particular treating synthetic wastewater (Vasseur

et al., 2012; Luo et al., 2018).

For the simultaneous detection of microalgae and bacteria with FCM, Vasseur

et al. (2012) exploited the red autofluorescence of photosynthetic cells and the

green fluorescence of bacteria stained with SYBR-Green I. Luo et al. (2018) char-

acterized the biomass composition and cell viability of a microalgal-bacterial

consortium developed in a membrane PBR; before FCM analysis, samples were
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pretreated by disaggregation with sonication for 5 minutes at 20 kHz (Luo et

al., 2018). Vargas et al. (2016) measured with FCM the relative percentage of

nitrifying bacteria and microalgae treating nitrogen-rich wastewater. However,

no details about sample pretreatment were provided.

To the best of the authors’ knowledge, an optimized FCM method to analyze

the composition of a microalgal-bacterial consortia treating real wastewater

has not yet been proposed.

FCM analysis needs a suspension of single cells and thus flocs or granules

must be pre-treated properly (Hyka et al., 2013). However, biomass disaggrega-

tion should not cause cell damage. A suitable pre-treatment is represented by

ultrasonication.

Ultrasonication covers a large variety of applications such as pre-treatment to

disaggregate various matrices from food, to environment, to industry. Acoustic

cavitation produced by sonication consists in the formation and collapse of mi-

crobubbles associated with extreme temperature and strong pressure gradients

(Hua and Thompson, 2000; Gogate, 2002). The applied ultrasonic energy affects

aggregate dispersion, microbial integrity and disruption. Investigations on mi-

croorganisms disaggregation have focused mainly on pure strains of bacteria

or yeast while studies on mixed populations coexisting in complex matrices

such as sludge or wastewater are rare (Falcioni et al., 2006). Therefore, further

research is needed to optimize pretreatments to disaggregate complex consor-

tia of microorganisms prior to FCM analysis. An effective pretreatment should

make it possible to disperse the highest number of free cells in the bulk liquid

but with a minimal risk of cell damage.

In this Chapter, for the first time FCM was extended to analyze a microalgal-

bacterial consortium developed in a long-term PBR treating real wastewater

(Chapter 6). In order to gain better understanding of the composition of these

systems, the potential of FCM as a tool to quantify the absolute abundance of

microalgae and bacteria was demonstrated.

A rigorous multi-step procedure easy to be applied, was proposed to ensure

the accuracy of the FCM analysis. Pretreatment of samples with ultrasonication
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was investigated in depth. Ultrasonication was optimized to disaggregate and

disperse microalgal and bacterial in the bulk liquid, avoiding their disruption.

The fluorescent and scattering signals recorded were used to distinguish and

quantify microalgae and bacteria.

The FCM approach proposed is a valuable tool with to enhance knowledge

about the composition and the quantification of microalgal-bacterial consortia

since reliable procedures are still extremely scarce in the literature. FCM analysis

could be applied as a monitoring method, improving knowledge about PBRs,

which are in the early stage of development.

12.2 Materials and Methods

12.2.1 Outline of the FCM procedure

The entire FCM procedure is presented in Figure 12.1 while each step is

described in detail from Section 12.2.2 to Section 12.2.6.

Briefly, the procedure comprises dilution, the pre-treatment of samples to disag-

gregate biomass flocs, and filtration prior to FCM analysis. Disaggregation was

performed using ultrasonication (see Section 12.2.4), which has been widely

applied in the literature to disperse coarse aggregates but has not yet been opti-

mized for microalgal-bacterial consortia. The filtration at 20 µm was applied

to prevent clogging in the nozzle of the flow cytometer. For FCM analysis, two

aliquots were distinguished: (1) one aliquot was analyzed without staining in

order to identify the number of autofluorescent cells (microalgae), and (2) a

second aliquot was stained with SYBR-Green I to identify all microorganisms

included (microalgae and bacteria). Comparing the number of cells in aliquots

(1) and (2), the concentrations of microalgae and bacteria were estimated sepa-

rately.
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Figure 12.1 Experimental procedure for the pre-treatment and the
FCM analysis of the microalgal-bacterial consortium. PBS: Phosphate-
Buffered-Saline solution

12.2.2 Microalgal-bacterial consortium

The tested microalgal-bacterial consortium was collected from a lab-scale

PBR operated as a sequencing batch reactor for more than two years. The oper-

ating condition has been described in a Chapter 6. The PBR was fed with real

municipal wastewater collected after primary sedimentation at the full-scale

WWTP of Trento Nord (Italy). Over the entire operating period the PBR guar-

anteed stable treatment removal performances and good effluent quality. The

characterization of the influent and effluent wastewater is reported in Table

12.1.

Samples of mixed liquor (i.e. microalgal-bacterial consortium) were collected

from the PBR for FCM analysis and processed within 1-2 h. Biomass concentra-

tion of the samples, measured as TSS (Total Suspended solids), was on average

2.2±0.2 g TSS/L. All the physical-chemical analyses indicated in Table 12.1
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Parameter
Influent real
wastewater

Effluent
Removal

efficiency
[mg/L] [mg/L] [%]

COD 258±163 68±9 66±17
TSS 119±102 40±46 65±30

NH+
4 -N 47.4±16.1 0.5±0.7 99±2

TN 55±21 16±8 69±17
TP 5.3±2.3 3.3±0.9 31±23

Table 12.1 Influent and effluent wastewater and removal efficiency of
the PBR (avg ± st.dev.). COD: Chemical Oxygen Demand; TSS: Total
Suspended Solids; TN: Total Nitrogen; TP: Total Phosphorous.

were conducted according to Standard Methods (APHA, 2012).

12.2.3 Sample preparation prior to FCM analysis

The samples were first diluted 1:5 v/v in Phosphate-Buffered-Saline solution

(PBS, 3 g K2HPO4, 1 g KH2PO4 and 8.5 g NaCl per Liter; pH = 7.2) to obtain a

volume of 100 mL. Then, the diluted samples underwent ultrasonication (Sec-

tion 12.2.4), and were further diluted 1:10 v/v in PBS. Finally, 1-mL was filtered

at 20-µm prior to FCM analysis. The final dilution of 1:50 v/v was considered

optimal to reach a concentration of microorganisms of around 109-1010 cells/L,

suitable for FCM analysis (Foladori et al., 2010b). The coarse filtration on 20-µm

membranes (Celltrics, Sysmex Partec, Germany) was necessary to eliminate

large particles and thus avoid clogging the nozzle of the flow cytometer.

An untreated sample was only diluted 1:100 v/v with PBS and filtered at 20 µm

prior to analysis (Figure 12.1) and was associated with energy of sonication

equal to zero.

12.2.4 Pre-treatment of ultrasonication

After the first dilution at 1:5 v/v in PBS, sonication was performed using

a Branson 250 Digital Ultrasonifier (Emerson, USA) operating at 20 kHz. The

sonotrode, with a tip diameter of 12.7 mm, was placed in the center of a beaker
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containing the 100-mL sample. A cold water bath was used around the beaker

to prevent heating of the sample during sonication.

To calculate the amount of ultrasound energy applied to the sample, the specific

energy (Es), expressed in kJ L−1, was used as reference parameter. Es was calcu-

lated considering the applied power (P, expressed in W), the time of sonication

(t, in seconds) and the treated volume (V, in L), according to Eq 12.1.

Es = P · t

V
(12.1)

To define the ultrasonication level most suitable for dispersing aggregates,

samples were sonicated at different Es . Calculating Es , instead of using only

P or t, enables an immediate comparison among the results obtained in tests

carried out at various level of applied power (P) and time (t). In this study, P

from 18 to 88 W was applied (Figure 2). For each P, an initial volume of 100 mL

was sonicated at increasing times of 20, 40, 60, 90, 120, 180, 240, 300 and 360

seconds (Figure 2). For each couple (P, t) the initial volume (V) was reduced by

1 mL, which was taken out for FCM analysis. To be noted is that this procedure

produced 45 pre-treated samples with an Es in the range 3-331 kJ L−1 (Figure 2),

and only less than 150 mL of mixed liquor (microalgal-bacterial consortium)

were wasted from the pilot-scale PBR.
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Figure 12.2 Specific energy (Es) applied to the samples varying (A) the
time of sonication and (B) the power.
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12.2.5 Autofluorescence and fluorescent staining

After filtration at 20 µm (Figure 12.1), for each sample, two aliquots were

processed as follows:

1) An unstained sample was immediately analyzed. Microalgae were de-

tected thanks to the autofluorescence of their natural pigments;

2) A sample was stained with SYBR-Green I (SYBR-I; λex = 495 nm, λem

= 525 nm; Thermo Fisher Scientific, USA). An amount of 10 µL of dye,

after dilution 1:30 v/v of commercial stock in dimethyl sulfoxide (DMSO,

Merck, Germany), was added to 1 mL of the cell suspension containing

about 109-1010 cells/mL and incubated at room temperature for 15 min

in the dark, prior to analysis. SYBR-I is a DNA-specific fluorescent dye

producing green fluorescence and it was used to detect bacteria.

12.2.6 Flow cytometry

FCM analyses were performed with an Apogee-A40 flow cytometer (Apogee

Flow Systems, UK) equipped with an Argon laser (excitation wavelength at 488

nm). For each particle analyzed, two scattering signals and three fluorescent

signals were collected:

- Forward Angle Light Scatter (FALS);

- Large Angle Light Scatter (LALS);

- green fluorescence (Channel FL1, λ=525 nm);

- orange fluorescence (Channel FL2, λ=575 nm);

- red fluorescence (Channel FL3, λ ≥ 610 nm).

Data acquisition gates were set on green and red fluorescence distribution in

order to eliminate the noise produced by non-fluorescent particles or debris.

Signals were recorded with logarithmic gain. To avoid coincidence of particle

counts, the event rate was kept below 1.5 µL/min. For each sample, the volume

of a few µL was analyzed and events were recorded until at least 20,000 cells

were enumerated. Cell concentration was recorded in events/µL and subse-

quently expressed as cells/L taking into account the final dilution of the sample,
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according to its preparation. FCM data were analyzed using Apogee Histogram

Software (Apogee Flow Systems, UK).

12.2.7 Epifluorescence microscopy

Microscopic observations were performed using a Nikon Labophot EFD-3

Microscope (Nikon, Japan) equipped with epifluorescence apparatus. Samples

were exposed to: (i) bright-field, (ii) blue excitation at 450-490 nm to observe

emission of green fluorescence at 520 nm; (iii) green excitation at 510-560 nm

to observe emission of red fluorescence at 590 nm. Emission in the orange field

was not examined because the microscope was not equipped with a specific

band pass. Treated samples after sonication were observed to evaluate the

degree of disintegration of microbial aggregates.

12.3 Results and Discussion

The terms “microalgae”, “photosynthetic microorganism” and “photosyn-

thetic cells” were used as broad terms that include both eukaryotic microalgae

and cyanobacteria. Likewise, the term “bacteria” referred to non-photosynthetic

prokaryotic microorganisms, unless stated otherwise.

12.3.1 Microalgal-bacterial consortia flocs structure

The microscopic structure of the microalgal-bacterial consortium in PBR is

shown in Figure 12.3. The image in bright field revealed dark green or brown

flocs (with sizes from a few µm to 0.8 mm) composed of microalgae and bacte-

ria embedded with organic and inorganic matter (Figure 12.3A). Filamentous

microalgae represented the skeletal structure of the floc, as filamentous bacte-

ria in activated sludge (Wanner and Grau, 1989).

Under epifluorescence microscopy, microalgae were characterized by red aut-

ofluorescence (under green excitation) linked to their pigment contents, such

as chlorophylls and carotenoids (Figure 12.3B). Bacteria, which do not have

natural fluorescence, were observed after staining the sample with the SYBR-I
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dye, resulting in a bright green fluorescence when excited under blue light

(Figure 12.3B). To be noted is that dyes with a red emission spectrum cannot

be used for bacteria since red fluorescence may overlap with autofluorescence

of microalgae (Hyka et al., 2013).

Optical and epifluorescence microscopy can provide insight into the morphol-

ogy and composition of microalgal-bacterial consortia (Perera et al., 2019).

However, to retrieve reliable quantitative information on the composition of

the consortia, an extremely large number of cells should be analyzed for statisti-

cally representative results, resulting in a time-consuming analysis and tedious

work for operators. Since microalgae and bacteria are embedded in flocs, the

masking effect in dense clusters is another limitation. Moreover, microscopy

does not enable the estimation of microalgal autofluorescence intensity, which

has been gaining increasing importance in environmental monitoring because

it is linked to the photosynthetic capacity (Simis et al., 2012).

FCM analysis overcomes some of the major limitations of optical microscopy.

Therefore FCM may be a suitable tool for the quantitative and qualitative char-

acterization of microalgal-bacterial consortia thanks to a time-saving and multi-

parametric analysis.

A B
green cells

(bacteria)

red cells

(microalgae)

A B

Figure 12.3 Microalgal-bacterial consortium observed under: (A) bright
field; (B) epifluorescence. Microalgae were characterized by red aut-
ofluorescence, while stained bacteria appeared green.
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12.3.2 Fluorescent signals to distinguish microalgae and

bacteria with FCM

The presence of microalgae and bacteria in the tested consortium was

evaluated by comparing the events recorded in the stained and unstained

samples. FCM analyses of the samples pretreated at Es of 90 kJ L−1 are shown in

Figures 12.4, 12.5 and 12.6 because considered a representative example. As

explained in Section 12.3.4, Es of 90 kJ L−1 was identified as an optimal value

for sonication to analyze the tested microalgal-bacterial consortium.

The events of the stained and unstained samples recorded in the red (FL3),

orange (FL2) and green (FL1) channels, are overlapped in Figures 12.4A, 4B and

4C, respectively.

Red fluorescence (FL3) - In the unstained sample, a clear positive signal in red flu-

orescence (Figure 12.4A) was associated with photosynthetic microorganisms

(eukaryotic microalgae and cyanobacteria). All photosynthetic cells contain

chlorophyll a (Lee, 2008), which emits at 670 nm if excited at 480 nm (Marchão

et al., 2018), and may also contain other pigments that emit in the red band

(such as carotenoids). In the unstained sample, since bacteria are not fluores-

cent, they could not be detected and fall in the background.

In the stained sample a large amount of bacteria (1.2E+12 cells/L) emitted

green fluorescence, while red (auto)fluorescent cells represented a minor part

(2.3E+10 cells/L). Green fluorescent bacteria were not relevant (under the

threshold) for FL3 because, since they were not red, bacteria fell in the back-

ground (Figure 12.4A).

Orange fluorescence (FL2) - In the unstained sample, a clear positive signal was

also observed in orange fluorescence (Figure 12.4B). Comparing signals in FL3

and FL2, not all the red cells in FL3 were positive in FL2. A fraction of the red

cells (25%) fell below the threshold of positive orange cells. In other words, the

number of positive orange cells in FL2 was lower than positive red cells in FL3.

The reason is that pigments such as phycoerythrin, which emits at 550-600 nm

in the orange band (Dennis et al., 2011) are present in cyanobacteria but not in

eukaryotic microalgae. To be noted is that these differences in pigmentation
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could be used to discriminate eukaryotic microalgae and cyanobacteria accord-

ing to their different auto-fluorescence.

Green fluorescence (FL1) - Positive events in FL1 were all the cells stained with

SYBR-I (Figure 12.4C). Green events were mainly bacteria (1.2E+12 cells/L),

which were two orders of magnitude more abundant than photosynthetic cells

(2.3E+10 cells/L). In the unstained sample, cells did not have green autofluores-

cent and thus were not detected in FL1.

The cytograms in Figure 12.5 show simultaneously the red (on the vertical axis)

and the green fluorescence (on the horizontal axis) of the cells. A thresholds was

set in both red and green fluorescences to delimit a region in the FCM cytogram

that includes instrument background (red and green below thresholds), which

was excluded from the analysis.

In the unstained sample (Figure 12.5A) the emission of high red (auto)fluorescence

made it possible to count the photosynthetic cells directly; bacteria did not ap-

pear because they were not fluorescent. In the dot plot of Figure 12.5A, the red

dashed polygon identifies graphically the region of photosynthetic cells. Inside

the demarked area, sub-groups of photosynthetic cells can be distinguished

probably because of differences in fluorescent pigment contents.

In the stained sample (Figure 12.5B), total events (bacteria + photosynthetic

cells) were counted. The emission of bacteria was bright green and not red,

while photosynthetic cells appeared either red or green or both, depending on

their capacity to adsorb SYBR-I. Photosynthetic cells included a large variety

of microorganisms (eukaryotic microalgae, cyanobacteria, presented as both

unicellular or filamentous cells), so that staining by SYBR-I may change signifi-

cantly. For these reasons, due to the difficulty of delimiting in the cytogram an

exclusive region for bacteria, their concentration was calculated as a difference

between the total events counted in the stained sample, and photosynthetic

cells counted in the unstained sample (Eq 12.2).

Bacteria = Total event−Photosynthetic cells (12.2)

In the FCM analysis shown in Figure 12.5, total cells were 1.13E+12 cells/L and

photosynthetic cells were 2.3E+10 cells/L (2% of total cells); thus, the concen-
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tration of bacteria was 1.11E+12 cells/L (98% of total cells).

A

B

C

Figure 12.4 Overlapping of (A) red, (B) orange and (C) green fluores-
cences in stained and unstained samples. Scales on vertical axes are
different for the two samples. Absolute concentrations (integral of the
histogram) are indicated. Stained and unstained samples were pre-
treated at Es of 90 kJ L−1.
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A B

Figure 12.5 FCM cytograms (dot plots) of the microalgal-bacterial con-
sortium: (A) Unstained sample. The red dashed polygon delimits the re-
gion of photosynthetic cells; (B) Stained sample. Stained and unstained
samples were pretreated at Es of 90 kJ L−1.

12.3.3 Light scattering to distinguish microalgae and bacteria

As shown in the histograms in Figure 12.6, microalgae and bacteria pro-

duced significantly different signals of light scattering. Both histograms were

gated on the green and red fluorescence, in order to eliminate the scattering orig-

inated by non-biotic particles or detritus presented in the microalgal-bacterial

consortium.

FALS is the light scattering collected in the forward direction with respect to the

incident laser beam and is related to the cellular size or biovolume (Salzman et

al., 1990; Shapiro, 2003; Foladori et al., 2008). Therefore, FALS made it possible

to distinguish the small bacteria from the large photosynthetic cells (Figure

12.6A), which may include a vast range of microalgal taxa.

FALS intensity was recorded with logarithmic scale that made it possible to

compare graphically several order of magnitude of cell size. As shown in Figure

12.6A, FALS (on the horizontal axis) is expressed in arbitrary units and mapped

onto 256 channels. In the FCM analysis shown in Figure 12.6A, the median

channel of the FALS frequency distributions was 62 for bacteria and 193 for

photosynthetic cells. Therefore, considering that FALS channels were logarith-

mics, the difference in biovolume among the two populations was very large

(193-62=131 channels).
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This result is in agreement with the expected biovolume of microalgae and

bacteria in the literature. The average biovolume of bacteria in wastewater was

0.22 µm3/cell in Vollertsen et al. (2001) on sizing bacteria under microscope.

In activated sludge, Frølund et al. (1996) measured a mean biovolume of bac-

teria of 0.25 µm3/cell. Similar results (0.23 µm3/cell) were found with a FCM

automated procedure applied to activated sludge (Foladori et al., 2008). With re-

gards to the smallest unicellular microalgae, the biovolume of Chlorella is in the

order of 30 µm3, while the biovolume of Synecococcus is 20 µm3 (Bellinger and

Sigee, 2015). Cells of cyanobacteria are definitely smaller and the biovolume of

Prochlorococcus (belonging to picoplankton) is less than 1 µm3 (Bellinger and

Sigee, 2015).

LALS is the light scattering collected at large solid angles and is affected by cell

morphology, such as cytoplasmic granularity (Safford and Bischel, 2019). In

the FCM analysis shown in Figure 12.6B, the median LALS channel was 49 for

bacteria and 126 for photosynthetic cells. Although LALS values were referred

to an arbitrary scale, they were significantly different, demonstrating the greater

complexity in the cellular structure of photosynthetic cells in comparison to

bacteria.

A B

Figure 12.6 Comparison of (A) FALS and (B) LALS in stained and un-
stained samples. Histograms were gated on the green and red fluo-
rescence to distinguish bacteria and photosynthetic cells. Stained and
unstained samples were pretreated at Es of 90 kJ L−1.
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12.3.4 How to estimate the concentration of cells in the

microalgal-bacterial consortium

As shown in Figure 12.7, the pretreatment of the microalgal-bacterial con-

sortium with sonication (Es) made it possible to effectively disaggregate the

flocs and thus increase the number of free single cells dispersed in the bulk

liquid. Therefore, the amount of cells could be measured by FCM, which is a

single-cell analysis. On the contrary, the microbial concentration in the un-

treated sample, containing large flocs of microalgae and bacteria, could not be

directly quantified.

Figure 12.7 Microscopic images of the microalgal-bacterial consortium
(A) before and (B) after sonication at Es = 90 kJ L−1.

The concentration of free bacteria and photosynthetic cells analyzed, de-

pended on the specific energy applied (Es) with sonication (Figure 12.8). After

sonication, bacteria clumped in flocs were released free in the bulk liquid to-

gether with the photosynthetic cells. As shown in Figure 12.8A, the number

of free cells increased with Es . Fitting curves included in Figure 12.8A enable

identification of the maximum cell density recorded for bacteria and photosyn-

thetic microorganisms. The cell densities of the two groups were very different

with 1010 cells/L for photosynthetic cells and 1012 cells/L for bacteria. Figures

12.8B and 12.8C show the average values and standard deviation of bacterial

and photosynthetic cells recorded for classes of Es , respectively. Flocs disag-

gregation at Es up to 90-100 kJ L−1 enhanced notably the number of free total

cells in the bulk liquid (Figure 12.8A). Floc size reduction of the treated samples
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was directly observed under microscope (Figure 12.7) and also reported by

other authors (Chu et al., 2001). For Es higher than 90-100 kJ L−1, the maximum

number of disaggregated cells was achieved without compromising the cell in-

tegrity, as shown in Figure 12.8A, in which both fitting curves reached a plateau.

Bacterial cell density was on average 1.2E+12 ± 4.9E+10 cells/L and remained

statistically similar for Es up to 180 kJ L−1 (Figure 12.8B), demonstrating high

resistance of bacteria to sonication. Likewise, the maximum number of free

photosynthetic cells was 2.8E+10 ± 2.3E+09 cells L−1 for Es between 90 and 150

kJ L−1 (Figure 12.8C). The slight decrease of cell concentration at Es higher than

150 kJ L−1 (Figure 12.8A) was due to the disruption of some cells, which were

no longer detected by FCM.

Since the exact number of cells present in a microalgal-bacterial consortium

is not known a priori, it is important to define a pretreatment method able

to release the highest number of cells for subsequent enumeration by FCM.

However, during the pretreatment of samples, a certain damage to some cells

can not be excluded, especially for filamentous microorganisms. Therefore,

a moderate Es should be applied because it represents a compromise to ob-

tain the highest concentration with a minimal risk of cell damage. For the

microalgal-bacterial consortium tested an optimal (moderate) Es was 90 kJ L−1

(Figure 12.8B-C). Interestingly, similar Es values have been reported as optimal

for dispersing activated sludge without extensive cell destruction. In particular

Biggs and Lant (2000) indicated a Es of 90 kJ L−1, while Foladori et al. (2007)

suggested Es around 80 kJ L−1.
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12.3.5 Percentage of cells in the microalgal-bacterial

consortium

The ratio between photosynthetic microorganisms and bacteria at increas-

ing Es values is shown in Figure 12.9. The ratio increased from 1 to 2 at increas-

ing Es (up to 90 kJ L−1) due to progressive disaggregation of the consortium.

Then, the ratio remained around 2 until Es surpassed 250 kJ L−1. At higher Es

values, the ratio decreased, indicating that the damage to microalgae prevailed

over the damage to bacteria.

Although microalgae appeared weakly represented due to their low concen-

tration, they were characterized by a large biovolume compared to bacteria

(approximately 2 orders of magnitude larger, Figure 12.6A). Therefore, the re-

sulting photosynthetic biomass was comparable to bacterial biomass since

bacteria had a higher concentration but a lower biovolume.

Figure 12.9 Ratio (expressed as percentage) between photosynthetic
microorganisms and bacteria at increasing applied specific energy (Es).
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12.4 Conclusion

This study has proved the viability of FCM for qualitative and quantita-

tive analysis of the composition of a microalgal-bacterial consortium in a PBR

aimed at treating wastewater.

Microalgal-bacterial consortia are heterogeneous and complex matrices, so

that the quantification of sub-groups of microorganisms should be not biased.

Therefore, an optimal pretreatment protocol has been proposed to ensure the

accuracy of the FCM analysis.

Sonication of the samples proved to be a suitable pretreatment to disperse

aggregated cells in the bulk liquid. Although a certain damage to some cells

during sonication may not be excluded, a moderate Es level of 90 kJ L−1 was

considered an optimal value for the quantification of microalgae and bacteria

in the tested consortium.

Microalgae and bacteria were distinguished using light scattering and fluores-

cences (red associated with natural pigments in microalgae, green associated

with nucleic acid-staining in bacteria) signals.

Bacteria were largely present in the consortium, amounting to 98% of total cells.

However, microalgae, which represented only 2% of total cells, were charac-

terized by a higher biovolume (2 orders of magnitude larger). Therefore, the

amount of microalgal biomass could be considered in the same order of magni-

tude as the bacterial biomass. This would explain the high and stable removal

treatment performance of the long-term PBR, in which bacterial activity was

only sustained by photosynthetic oxygenation. However, further analyses are

needed to refine the mass balance.

In conclusion, the multi-step procedure proposed could be included in mon-

itoring procedures of PBRs. FCM could provide valuable information on the

composition of the microalgal-bacterial consortia and detect anomalies with

short analysis time (in the order of minutes).
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Supplementary material

Principles of FCM
As shown in Figure S12.1, an aliquot of the sample (µL) is pumped in the flow

cytometer to a focusing chamber in which suspended particles are forced to

align in single file. Then, the stream of particles passes through a flow cell. In

front of an interrogation point, a laser (or a light beam) strikes each particle,

exciting the fluorescent one. For each particle detectors measure simultane-

ously: (i) light scattering in the forward and side directions, and (ii) two or more

fluorescent signals. Then measurement are recorded and sent to a computer

for display and further processing.

Light source

Sample

Sheath 

fluid

F
lo

w
 c

e
ll

Detectors

Fluorescence

Forward scatter

Side scatter

Electronic signals

Filters

Figure S12.1 Scheme of FCM analysis.
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13
MICROBIAL COMMUNITY IN THE
LONG-TERM PHOTOBIOREACTOR AND
COMPARISON WITH ACTIVATED
SLUDGE

This Chapter focuses on the composition and evolution of the microbial community

developed in the long-term photobioreactor named Pilot (Chapter 6).

16S rRNA gene sequencing revealed that the bacterial community remained stable over

230 days of monitoring. The differences between the long-term bacterial community

developed in the Pilot, and the activated sludge of the WWTP Trento Nord, were exam-

ined.

New environmental species associated to microalgal-bacterial consortia were discov-

ered and are presented in Chapter 4.

This research was made in collaboration with the Department of Cellular, Computa-

tional and Integrative Biology (CIBIO) - University of Trento.

This Chapter is based on:

Petrini S., Masetti G., Foladori P., Beghini F., Armanini F., Segata N., Andreottola, G.

Microbial community evolution in a long-term photobioreactor operated at a lab-scale

and comparison with activated sludge-based processes treating the same municipal

wastewater at full-scale. In preparation
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Abstract

Microalgal-bacterial consortia represent a promising sustainable solution, alter-

native to activated sludge-based processes in the treatment of municipal wastewater.

However, the microbiota that develops in photobioreactors (PBRs) is still largely unex-

plored.

In this study, high-throughput sequencing was applied to examine the microbial com-

munity composition of a PBR, its stability over a long period and the difference with

activated sludge treating the same real municipal wastewater. Activated sludge samples

were collected from the Conventional activated sludge line (CAS) and the Membrane

Bioreactor line (MBR) of the full-scale wastewater treatment plant of Trento Nord

(Italy).

Over time, PBR ensured high and stable removal efficiency of COD (66±17%) and am-

monium (99±1%). Concurrently, the bacterial community did not show drastic shift in

composition with Proteobacteria and Cyanobacteria as predominant phyla.

The microbiota in the influent wastewater partially persisted in all biological treatment

units, suggesting an adaptation to operational conditions. In addition, the bacterial

community in PBR differed in composition with CAS and MBR, which resulted very

similar. Different operating conditions promoted the development of a specific PBR-

associated microbiota, which varied from that of activated sludge.

13.1 Introduction

Anthropogenic activity produces large amounts of wastewater that can

cause eutrophication, if directly discharged in water bodies. To prevent adverse

environmental impact, wastewater should be properly treated before released.

Activated sludge-based processes are implemented worldwide in wastewater

treatment plants (WWTPs) as biological treatment to remove organic com-

pounds and nutrients from wastewater (Wu et al., 2019). However, high costs

for aeration (WRF and EPRI, 2013) and greenhouse-gas emissions have stimu-

lated the development of alternative wastewater treatment technologies more

sustainable (both economically and environmentally) than activated sludge

(Gonçalves et al. 2017).
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A promising solution to this issue is represented by the combination of

microalgae (eukaryotic microalgae and prokaryotic cyanobacteria) and bacte-

ria that have been proving to be effective for municipal wastewater treatment,

relying only on photosynthetic oxygenation and thus without artificial aeration

(Ramanan et al. 2016; Arcila and Buitrón 2017; Quijano et al., 2017; Wang et al.

2018). However, in view of the large-scale application of this technology, there

are still some challenges to overcome (Molinuevo-Salces et al., 2019; de Jesús

Martínez-Roldán and Ibarra-Berumen, 2019). Many types of photobioreactors

(PBRs) and configurations have been tested. Most of the systems have been

developed at a lab- and pilot-scale to treat usually synthetic or sterilized waste-

water (Kang et al., 2018). To assess the stability of the treatment performance,

PBRs should be fed with real wastewater and monitored in long-term studies.

In this way, it would be possible to gain insight into the microbial community

that spontaneously develop in PBRs fed with real municipal wastewater (He

et al. 2013; Arango et al. 2016; Tsioptsias et al. 2016; Cho et al. 2017; Kang et al.

2018). Despite the recent advances in metagenomic technologies applied to

environmental samples (Staley and Sadowsky, 2018), few studies have inves-

tigated the microbial composition of microalgal-bacterial consortia treating

wastewater through DNA-based analyses (Mishra et al. 2019).

A long running pilot-scale photobioreactor (PBR) fed with real municipal

wastewater (Chapter 6) was monitored over 8 months with the aim to assess (1)

the treatment performance and (2) the microbial composition (bacterial com-

position and diversity) of the microalgal-bacterial consortium spontaneously

developed in the system.

16S rRNA gene sequencing was performed on the PBR, the influent wastewater

(WW) and activated sludge samples treating the same real municipal wastewa-

ter to characterize the residing bacterial population. Activated sludge samples

were collected from the Conventional activated sludge line (CAS) and the Mem-

brane Bioreactor line (MBR) of the full-scale WWTP Trento Nord (Trento, Italy).

Activated sludge microbiota was used as benchmark. Alpha diversity and beta

diversity were used to evaluate and compare the differences between the bac-
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terial communities of PBR, WW, CAS and MBR. Microbiota composition and

variations were assessed through bacteria relative abundances.

This work provides new insights into stable microalgal-bacterial consortia,

their performances and their bacterial community diversity. To the best of the

authors knowledge, this is the first time that the microbial composition of a

microalgal-bacterial consortium spontaneously develop from real municipal

wastewater, is characterized over a long-period of time.

13.2 Materials and Methods

13.2.1 Lab-scale photo-sequencing batch reactor (PBR)

The microalgal-bacterial consortium developed in a long-term lab-scale

PBR (Figure 13.1A, Chapter 6), was monitored for a period of 231 days.

The PBR consisted of a cylindrical glass reactor (diameter 12 cm, height 20

cm; Colaver, Italy) with a working volume of 2L. The system was installed on

February 2016 and was operated as a photo-sequencing batch reactor with

a cycle of 48 h and a photoperiod of 16 h of light and 8 h of dark. The PBR

was continuously fed with real municipal wastewater with an influent rate of

0.7 L/cycle that corresponded to an HRT (Hydraulic Retention Time) of 5.6

days. No pure strains of microalgae were inoculated, instead a consortium of

microalgae and bacteria developed spontaneously. Total suspended solids (TSS)

concentration in the PBR was on average 2.0±0.3 g TSS/L.

Light was provided by a LED lamp (8 led×0.5 W; Orion, Italy) that produced a

light intensity of 30±5 µmol m−2 s−1. No external aeration was provided thus

oxygen was supplied only by photosynthesis. The reactor was not sealed off

from atmosphere and no pH adjustment was performed.

13.2.2 Real municipal wastewater (WW)

The PBR was fed with real municipal wastewater (WW) collected form

the Trento Nord WWTP (TN WWTP, Trento, Italy) after the primary treatment
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(Figure 13.1A). No filtration of wastewater was performed so to allow resident

microorganisms to enter the PBR.

13.2.3 Conventional activated sludge (CAS) and Membrane

Bioreactor (MBR)

The samples were collected from the biological treatment units of the TN

WWTP that operates on two parallel treatment lines (Figure 13.1A): Conven-

tional activated sludge (CAS) and Membrane Bioreactor (MBR). The TN WWTP

treats a population equivalent (PE) of around 100000 PE. 70% of the influent

wastewater is treated by the CAS line while the remaining part is treated by the

MBR line.

13.2.4 Collection of samples

Samples of the microalgal-bacterial consortium were collected from PBR

for DNA extraction every 21 days between June 2017 and February 2018 (Figure

13.1B). In the same period WW samples, fed in the PBR, were collected every

week for chemical characterization and for DNA extraction (Figure 13.1B).

CAS and MBR samples were collected for DNA extraction one a week between

December 2017 and February 2018 (Figure 13.1B). Samples were collected

concomitantly with the samples for routine analysis performed by the plant

manager company (Depurazione Trentino Centrale, DTC). Samples for DNA

extraction were stored at -80◦C before further processing.

Effluent wastewater from PBR was collected 2-3 times per week to monitor the

treatment performance.

13.2.5 Analytical methods

Influent (WW) and effluent wastewater from PBR, were analyzed for chem-

ical oxygen demand (COD), Total Kjeldahl Nitrogen (TKN), NH+
4 -N, NO−

2 -N,

NO−
3 -N and total P (TP), according to Standard Methods (APHA, 2012). Total N

(TN) was defined as the sum of TKN, NO−
2 -N and NO−

3 -N. TSS were measured
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Figure 13.1 (A) Scheme of PBR and of the water line of the TN WWTP.
Yellow points indicate sampling sites. (B) Sample collection timepoints
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in the mixed liquor, according to APHA (APHA, 2012), to determine the biomass

concentration in PBR.

The light intensity was measured as photosynthetically active radiation (PAR)

with a SQ-520 quantum sensor (Apogee Instruments, USA).

13.2.6 DNA extraction and sequencing

DNA extraction was performed with DNeasy® PowerSoil® Kit (Qiagen, Ger-

many). Samples were processed following the QIAGEN DNeasy® PowerSoil®

Kit instructions except that (i) the PowerBead was filled with 1 ml of sample

and (ii) the collection tube was centrifuged for 2, 1 and 1 minutes after adding

Solution C3, C5 and C6, respectively.

16S rRNA gene sequencing was performed as described in Chapter 4, Section

4.2.6

13.2.7 16S rRNA gene sequencing processing and analysis

16S rRNA gene sequencing processing was performed as described in Chap-

ter 4, Section 4.2.7. Differences in alpha diversity indices (considering all

time points together) between PBR, CAS and MBR were assessed using a non-

parametric Wilcoxon-Mann test. The trend of alpha diversity indices over-time

was calculated through linear regression and the correlation was assessed with

the Spearman’s correlation coefficient. Beta-diversity was estimated from the

Bray-Curtis dissimilarity matrix and it was represented in a Non-metric Dimen-

sional Scaling (NMDS) plot.

13.3 Results and Discussion

13.3.1 PBR ensured stable removal efficiency of COD and TN

The average concentrations of the influent wastewater (Table 13.1) were in

agreement with typical values expected in pre-settled municipal wastewater

(Tchobanoglous et al. 2003).
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The PBR was able to treat real municipal wastewater without artificial aeration.

From June 2017 to February 2018, the PBR showed an average removal effi-

ciency of 66±17%, 72±14% and 99±1% for COD, TN and NH+
4 -N (Table 13.1).

The treatment process, sustained only by photosynthetic oxygenation, guar-

anteed average effluent COD and TN under EU discharge limit (EU Directive

91/271/EEC).

Despite the fluctuations of COD in the real influent wastewater (Figure 13.2A),

PBR was characterized by low and stable effluent COD concentrations with an

average of 68±10 mg/L (Table 13.1).

The main nitrogen removal mechanism was nitrification (Chapter 6), which

ensured negligible effluent ammonium concentration resulting in an average

removal efficiency of 99±1% (Table 13.1). Despite the almost complete ammo-

nium removal, TN removal efficiency resulted of 72±14% on average because

nitrate accumulated in the PBR due to nitrification. Since the system was not

optimized for denitrification, nitrate removal fluctuated with time thus TN

(Figure 13.2B). However, the average effluent TN resulted of 13±6 mg/L, under

the discharge limit (EU Directive 91/271/EEC).

The PBR exhibited low removal efficiency of TP (40±15%) with an average ef-

fluent concentration of 2.8±0.7 mg P/L (Table 13.1). The low TP removal was

linked to a limited biomass uptake, further investigations are needed to en-

hance biological phosphorus removal. To note, in the TN WWTP, phosphorus is

removed through chemical precipitation.

The PBR treatment performance of COD and ammonium could be consid-

ered steady state over the monitored period because the system ensured high

and stable removal efficiencies despite the fluctuations of the influent wastewa-

ter composition. It is generally accepted that a stable treatment process is a sign

of a stable and healthy biological system that do not necessary imply a stable

community composition but rather a stable presence of metabolic pathways

(Gao et al., 2016; references therein).
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Parameter
Influent wastewater Effluent Removal efficiency

[mg/L] [mg/L] [%]
COD 234±89 68±10 66±17
TN 50±15 13±6 72±14

NH+
4 -N 41.0±12.7 0.4±0.7 99±1

TP 4.6±1.3 2.8±0.7 40±15

Table 13.1 Characterization of influent and effluent wastewater and
removal efficiency of the PBR between June 2017 and February 2018.
(avg.±st.dev.).
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13.3.2 Bacterial communities’ dynamics

16S rRNA gene amplicon sequencing was employed to investigate the com-

munity composition differences between a microalgal-bacterial consortium (i.e.

PBR) and activated sludge (CAS and MBR), and their evolution over time. Acti-

vated sludge samples were collected form a real operating WWTP (TN WWTP)

that received the municipal wastewater fed also in the PBR. To note, CAS and

MBR, which are real operating reactors, treat the same influent wastewater but

they are activated sludge-based processes that operates at different working

conditions.

The influent wastewater microbiota (WW) was monitored to assess if influent

microorganisms persisted in the biological treatment units and if it affected the

composition of these engineered microcosms.

Total reads were 3,894,184 with a mean 40,564.417±14,627.790 counts/sample,

ranging from min 309.00 (in negative-control sample library) to 71,375 max

sample library.

13.3.2.1 Within-group diversity

Alpha diversity indices were calculated to examine species diversity in each

group, considering all time points together (Figure 13.3A) and over time (Figure

13.3B).

WW was characterized by a lower richness (Chao1 = 3655.79±7.91 and num-

ber of observed OTUs = 2727.42±6.52) than CAS (Chao1 = 6089.89±6.94 and

obsOTUs = 4525.73±6.23) and MBR (Chao1 = 5699.89±6.38 and obsOTUs =

4525.73±6.23), but comparable with PBR (Chao1 = 3865.13.89±5.47 and ob-

sOTUs = 2961.67±4.9), considering all time points together. CAS (Shannon

= 9.85±2.74 and Simpson = 0.99±2.85) and MBR (Shannon = 9.45±3.19 and

Simpson = 0.99±3.90) showed the highest diversity indices followed by that

of PBR (Shannon = 8.31±3.06 and Simpson = 0.97±7.06) and WW (Shannon =

8.31±3.06 and Simpson = 0.97±7.06).

As PBR, CAS and MBR were considered to as “steady state biomasses”, we per-

formed the nonparametric Wilcoxon-Mann test to assess significant differences
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amongst them. Alpha diversity indices of PBR were significantly different from

MBR (p in the order e-03) and even more from CAS (p = 5.5e-05). In PBR, the

presence of microalgae and operational conditions very different from acti-

vated sludge-based processes (first and foremost HRT in the order of days,

lower biomass concentration and presence of light) may have affected bacte-

rial growth and adaptation. On the other hand, CAS and MBR alpha diversity

indices were not significantly different suggesting that the different working

condition of the activated sludge-based processes, did not affect the richness

and the diversity of microbial communities treating the same influent wastewa-

ter. WW microbiome cannot be considered as a steady state biomass, since it is

affected by the variability of the sewer where the conditions are not controlled

as in biological treatment units.

As shown in Figure 13.3A, each group showed a stable richness over-time

(Chao1 and observed OTUs). Differently, CAS, MBR and PBR tended to a lower

diversity (Shannon and Simpson), while WW showed a significant increasing

diversity (Shannon R=0.55, p<0.001 and Simpson R=0.61, p<0.001). PBR and

WW samples were collected from June to February, while CAS and MBR only

from December to February therefore time variations were observed for a more

limited period.

As reported from several studies on real WWTPs (Griffin and Wells, 2017; John-

ston et al., 2019), seasonal temperature fluctuations of the influent wastewater

(WW) may have affected the diversity of WW, CAS and MBR. Since the lab-

scale PBR was placed inside the lab at controlled temperature the effect of

WW temperature on the PBR microbiota can be excluded. However, further

investigations are needed to explain the opposite trend in biodiversity between

WW and the steady state biomasses.

13.3.2.2 Between-group diversity

Beta diversity index was calculated with the Bray-Curtis dissimilarity matrix

to reveal differences amongst bacterial communities.

Each group presented a clear spatial separation compared to each-other,
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A

B

PBR

PBR

PBR

Figure 13.3 (A) Alpha diversity indices in each group (A) considering
all time points together. Differences between PBR, CAS and MBR were
assessed using a non-parametric Wilcoxon-Mann test; (B) amongst time
points modelled through a linear regression. Spearman’s correlation
coefficient (R) was used to assess the correlation between time and
alpha diversity indices.
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with samples with-in groups clustering in closer proximity (Figure 13.4). WW

samples were characterized by the higher variability while CAS and MBR sam-

ples relied very close to their own centroids. Two samples of PBR could be

considered outliers with the respect to its centroid.

The closer proximity of the samples with-in CAS, MBR and PBR groups indi-

cated that their microbial composition was stable over time. To note, PBR was

monitored for a period of 8 months.

As shown in the NMDS plot (Figure 13.4), the influent microbial community

(WW) was notably different from that of the communities established in the

biological reactors (CAS, MBR, PBR). In addition, there was a clear spatial sepa-

ration between PBR and the activated sludge-based reactors (CAS and MBR).

CAS and MBR samples clustered in closer proximity with overlapping centroids.

Therefore, the activated sludge in the reactors were composed by very similar

microbial communities despite different operational conditions.

Taken together, this data indicates a stability in the community composition of

the biological reactors and the great difference between the microalgal-bacterial

consortium and activated sludge. Therefore, it emerges the importance to ex-

plore the composition of the PBR-associated microbiota and its functions.

13.3.3 Bacterial communities’ composition

The bacterial community structures were analyzed to gain further insight

into the microbiota differences (Figure 13.5). At the taxonomic level, 52 phyla

and 747 genera were identified.

In all samples, Proteobacteria was the most abundant phylum ranging

from a minimum average abundance of 36.8±6.6% in PBR to a maximum

of 57.5±7.2% in WW. Proteobacteria in WW mostly belonged to the classes

Epsilonproteobacteria (28.1±8.4%), Gammaproteobacteria (20.2±6.8%) and Be-

taproteobacteria (10.3±3.9%). Betaproteobacteria are involved in organic matter

degradation and nutrient removal, and have been usually detected in real

WWTP based on activated sludge processes (Nascimento et al. 2018; Cydzik-

Kwiatkowska and Zielińska 2016). This class was the most abundant in PBR

306



CHAPTER 13. MICROBIAL COMMUNITY IN THE LONG-TERM

PHOTOBIOREACTOR AND COMPARISON WITH ACTIVATED SLUDGE

PBR

Figure 13.4 Non-metric Dimensional Scaling (NMDS) plot based on
Bray-Curtis dissimilarity matrix showing a spatial separation amongst
groups.

(18.1±6.6%) but also in CAS (24.0±2.2%) and MBR (24.9±2.0%) followed by

Alphaproteobacteria, Gammaproteobacteria and Deltaproteobacteria at abun-

dances lower than 9%, in agreement with other results on bacterial communities

in activated sludge (Kim et al., 2019; Xue et al., 2019). Epsilonproteobacteria were

negligible in all biological reactors. About WW, the other top abundant phyla

were Bacteroidetes (22.6±4.0%), Firmicutes (8.4±2.9%), Fusobacteria (2.2±1.8%)

and Saccharibacteria (1.7±1.6%) that represented, together with Proteobacteria,

at least 92% of the bacterial community.

Firmicutes and Fusobacteria contain bacteria related to human and animal

gut, sometimes reported as opportunistic pathogens (Rinninella et al., 2019).

Firmicutes drastically reduced in CAS (2.6±0.7%) and MBR (3.0±1.0%) while

were of a very low abundance in PBR. Fusobacteria were mostly absent in all

biological reactors.

Bacteroidetes were the second most abundant phylum in CAS and MBR with
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relative abundance of 20.0%-27.2% and 22.4%-32.0%, respectively, while it ac-

counted only for 5.2%-11.4% in PBR. Cyanobacterium was the second most

abundant phylum in PBR (8.5%-24.3%). The operating conditions of PBR, espe-

cially light availability, ensured the presence of Cyanobacteria, which were of

a very low abundance in WW, CAS and MBR. Cyanobacterium represents the

largest group of photosynthetic prokaryotes (Dvořák et al. 2017), its establish-

ment in PBR demonstrates that microalgal-bacterial consortium can developed

spontaneously from the influent wastewater and remain stable.

The bacterial community of PBR differed from CAS and MBR also for a higher

abundance of Planctomycetes, Parcubacteria, Chloroflexi, Gemmatimonadetes,

Nitrospirae and Acidobacteria. On the contrary Actinobacteria, Verrucomicrobia

were more abundant in both CAS and MBR, while Saccharibacteria, Gracilibac-

teria were more abundant in CAS than MBR.

Saccharibacteria has been detected in activated sludge, although little is known

about phylogeny and physiology. However, recent studies have shown that they

play a role on organic substrate degradation and floc formation and stability

(Kindaichi t al., 2016; Takenaka et al., 2018).

Acidobacteria, Chlorobi, Chloroflexi and Gemmatimonadetes phyla comprise

phototrophic bacteria that exploit light as energy source for their metabolism,

without producing oxygen (Zeng and Koblížek 2017). Despite these phyla were

present in PBR, no genus related to phototrophic microorganisms was found.

The above results demonstrate that bacterial community of the biological

reactors differed from WW suggesting an adaptation to operational conditions

(Gao et al., 2016). CAS and MBR had similar bacteria composition, which has

been considered typical of activated sludge also in other works (Gao et al. 2016;

Zhang et al. 2017; Zhang et al. 2018; Xu et al. 2018; Kim et al. 2019). The most

abundant phyla in PBR differed from activated sludge, especially Cyanobacteria.

Throughout the sampling period, the microbiota composition of each group

did not show drastic change in bacterial population. About PBR, it was demon-

strated that a microalgal-bacterial consortium can develop spontaneously and

reach steady state condition. Therefore, it is possible to characterize the bacte-
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rial composition and its metabolic potentials. Since there are only few studies

available at the present, further in-depth analysis would be of interest in unrav-

elling the composition of PBR-associated microbiota and its functions.
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Figure 13.5 Top-20 most abundant phyla distribution as percentage
abundances in each group and per time points sampled. Low-abundant
phyla were grouped together in the “Low-abundant phyla” group.
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CONCLUSION

Microalgal-bacterial consortia represent a promising sustainable solution,

alternative to activated sludge, in the secondary and tertiary treatment of mu-

nicipal wastewater. The potentiality of this biological treatment relies on (free)

photosynthetic oxygenation to replace mechanical aeration. However, this tech-

nology is in its early stage of development.

In view of the large-scale application, there are still some challenges to over-

come in order to make microalgal-bacterial-based treatment competitive against

activated sludge. To engineer the process, a certain gap of knowledge has

emerged from the literature with respect to:

• Treatment of real municipal wastewater and removal performance in the

long-term;

• Influence of the operational conditions on the treatment process;

• Development and stability of wastewater-born microbial community;

• Methods of investigation specifically design to characterize microalgal-

bacterial consortia, both in terms of treatment performance and biomass

composition.

To accomplish the research objectives (Section 2.8), closed photobioreactors,

at a lab-scale, were installed and operated as sequencing-batch reactors. To

note, the systems were exclusively fed with real municipal wastewater.
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The results presented in Chapters 3, 4 and 5 showed that the initial inoc-

ulation of photobioreactors with pure microalgae strains is not necessary in

systems aimed at treating real wastewater.

In fact, no significant differences were observed between the treatment per-

formances of the two photobioreactors started-up with or without inoculation

of Chlorella vulgaris. Moreover, the photosynthetic microorganisms were able

to grow spontaneously. The bacterial population experienced an acclimation

period (about a couple of months). Then, despite the initial presence of an

inoculated microalgae, the microbiota adapted to the operational conditions

and converged into a stable structure, different from the predominant bacteria

present in the influent wastewater.

These findings confirm that wastewater microbiota is sufficient to start-up a

photobioreactor. In view of the full-scale application, this means avoiding high

sterilization cost of wastewater and initial inoculation of microalgae.

The long-term photo-sequencing batch reactor, called Pilot, proved the

stability of microalgal-bacterial consortia to treat real municipal wastewater

relying only on photosynthetic oxygenation (Chapter 6).

Over the entire experimentation, the system guaranteed high removal efficiency

of COD, TKN and NH+
4 -N, with average values of 67±16%, 93±3% and 99±2%,

respectively. The effluent concentration of COD and total nitrogen (on average)

met the EU discharge limit (EU Directive 91/271/EEC). In addition, biomass

aggregated in flocs ensured good settleability.

The stability of the treatment process enabled to characterize and optimized

the Pilot performance, in particular:

- Chapter 7 showed the possibility to change the operational regime, ex-

ploiting light and dark periods (aerobic and anoxic conditions) to pro-

mote denitrification and thus enhance nitrogen removal. The operational

conditions were also made with a view to energy saving;

- Real time monitoring with online sensors enabled to detect characteristic

points along their profiles that revealed the complete ammonium oxida-
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tion and the conclusion of the oxidation process.

Chapter 8 demonstrated that on-line monitoring is a useful tool to evalu-

ate the conclusion of the wastewater treatment and thus to shorten the

HRT. Reduce the HRT (and thus the footprint) is imperative for making

microalgal-bacterial consortia more competitive than conventional acti-

vated sludge.

In the case of the Pilot, it emerged that the treatment was completed long

before the end of the cycle. Therefore, the HRT of the Pilot (equal to 5.6 d)

could be shortened more than 45%;

- Chapter 9 explores the limit of the Pilot. The effects of lower HRTs and

outdoor condition on the removal efficiency were evaluated. Exploiting

sunlight, the system ensured COD removal efficiency up to 75% at HRT

of 1 d (applied load up to 330 mg COD L−1 d−1), while the ammonium

removal resulted limited at HRT of 1.4 d with a COD applied load higher

than 150 mg COD L−1 d−1 that corresponded to a TKN applied load of

about 50 mg N L−1 d−1. To reduce the HRT and at the same time ensure

nitrogen removal, photosynthetic oxidation should provide enough oxy-

gen to sustain bacterial activity of both heterotrophs and nitrifiers.

In view of the full-scale application, for a sustainable and low-energy

treatment, sunlight represents the cost-effective means to support (free)

photosynthetic oxygenation, and thus should be exploit as light source.

High-throughput sequencing revealed that the bacterial community of the

Pilot remained stable over 8 months of monitoring, with Proteobacteria and

Cyanobacteria as predominant phyla (Chapter 13).

Interestingly, the microbial community of the photobioreactor resulted different

from the activated sludge (collected from the full-scale wastewater treatment

plant Trento Nord, Italy) treating the same real municipal wastewater. Differ-

ent operating conditions promoted the development of a specific associated

microbiota in the photobioreator. In fact, the use of shotgun metagenomics en-
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abled the discovery of new environmental species presented in the microalgal-

bacteria consortium (Chapter 4).

The results presented in Chapter 13 show that microalgal-bacterial consortium

can develop spontaneously and reach steady state condition. Therefore, it is

possible to characterize the bacterial composition and its metabolic potentials.

Experiments on ammonium removal rate in the Pilot (Chapter 6) high-

lighted that the specific ammonium removal rate was similar to activated sludge,

however the volumetric rate was much lower due to the limited TSS concentra-

tion (3 times less than activated sludge). In view of the full-scale application,

this results in a higher footprint compared to activated sludge.

In Chapter 10, the influence of the biomass concentration (measured as TSS)

on the bacterial nitrification rate was explored. The results showed a solid-

limited kinetic at low TSS concentrations and a light-limited kinetic at higher

concentrations.

Assessment of the optimal TSS concentrations makes possible to concentrate

the microbial biomass in a photobioreactor while ensuring high kinetics and a

low footprint. Therefore, a standardize procedure to define the optimal TSS con-

centration in photobioreactors so as to guarantee the maximum ammonium

removal rate, was proposed in Chapter 10.

Finally, advanced method of investigation, used in activated sludge, were

extended to microalgal-bacterial consortia:

- An approach for respirometric tests was developed to monitor the global

activity of microalgal-bacterial consortia under light and dark conditions.

Kinetic and stoichiometric parameters were estimated for endogenous

respiration, biodegradable COD oxidation and nitrification, of the microalgal-

bacterial consortium developed in the Pilot. It emerged that the gross oxy-

gen production rate of photosynthetic microorganisms, was just barely

enough to cover the sum of the oxygen consumption rate for endogenous

respiration, COD oxidation and ammonium oxidation. Thus, the treat-

ment process may result oxygen limited at high applied load.

The proposed comprehensive respirometric approach may serve as a
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standard procedure to estimate parameters useful in the design of photo-

bioreactors and essential to model microalgal-bacterial consortia;

- Flow cytometry was extended to analyze qualitatively and quantitatively

microalgal-bacterial consortia.

A multi-step procedure was proposed to ensure the accuracy of the FCM

analysis thanks to an optimal sample pretreatment. Fluorescence and

scattering signals were used to distinguish and quantify microalgae and

bacteria. The microalgal-bacterial consortium developed in the Pilot was

tested. FCM analysis revealed that bacteria were 98% of total cells. At the

same time, microalgae, which accounted for only 2% of total cells, were

characterized by a biovolume 2 orders of magnitude larger than bacteria,

resulting in a photosynthetic biomass quantitatively comparable to bac-

teria. This would partially explain the high and stable removal treatment

performance of the Pilot, in which bacterial activity was only sustained

by photosynthetic oxygenation.

The FCM approach proposed represents a valuable tool to enhance the

knowledge about the composition and the quantification of microalgal-

bacterial consortia. In addition, FCM analysis included in monitoring

procedures of photobioreactors could detect anomalies with short analy-

sis time (in the order of minutes).

The research project addressed many aspects and lay the foundation to ap-

ply a methodological research approach in the study of microalgal-bacterial

consortia for wastewater treatment in view of the full-scale application of this

promising technology.

Future works should:

- Test microalgal-bacterial consortia in photobioreactors at a pilot-scale to

validate the operational consideration made in this research work;

- Exploit sunlight as solely light source, following the principles of sustain-

ability and low-cost.
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Indeed, further investigations are need to:

- Unravelling the composition of photobioreactor-associated microbiota

and its functions;

- Clarify the phosphorous mechanisms removal;

- Implement a mathematical model with parameter based on experimental

evidence;

- Valorized the biomass produced.
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Dvořák, P., Casamatta, D.A., Hašler, P., Jahodářová, E., Norwich, A.R., Poulíčková,
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High costs for aeration, greenhouse-gas emissions and excess sludge disposal have 
entailed a paradigm shift in the wastewater treatment. Microalgal-bacterial-based 
wastewater treatments have gained increasing attention because of their potential in 
energy demand reduction and biomass resource recovery. In particular, photosynthetic 
oxygenation is combined with bacterial activity to treat wastewater avoiding external 
artificial aeration. To optimize the technology in order to become more competitive than 
activated sludge, an in-depth investigation about the treatment performance and the 
microbiology interactions under real operational condition is needed.
This work focused on the study of wastewater-borne microalgal-bacterial consortia 
treating real municipal wastewater. The main objectives were to: (i) Understand the 
removal mechanisms and the influence of operational conditions to optimize the process; 
(ii) Analyze the microbial community.
At first, a photo-sequencing batch reactor (PSBR), called Pilot, was started up and 
continuously monitored for two years to analyze the evolution of the treatment 
performance and of the biomass composition. At the same time, other two lab-scale 
PSBRs were installed to evaluate if microalgal inoculation is essential to start up a 
consortium. Samples of these consortia were collected over a period of one year and 
analyzed through microscopic observations, flow cytometry and metagenomics, to 
investigate the microbial structure and diversity. 
A second part of the research focused on the optimization of the Pilot to explore its limit 
in view of the scale-up of the system. In addition, respirometry was adapted to test 
microalgal-bacterial consortia to estimate the removal kinetic parameters for future 
modelling.
The research project addressed many aspects and lay the foundation to apply a 
methodological research approach to scale-up this promising technology.
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