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RESUMO

Farias, S.L. (2025). Sistema de microalgas-bactérias para remogdo de surfactantes e
patogenos: avaliando potenciais e perspectivas para tratamento de esgoto doméstico. Campo
Grande, 2025, 115p. Tese (Doutorado) - Universidade Federal de Mato Grosso do Sul,
Brasil.

A aplicagdo de sistemas microalgas-bactérias para o tratamento de esgoto doméstico
representa uma estratégia promissora para aliar remocdo de poluentes e produgdo de
biomassa, alinhando-se aos principios da economia circular e das solugdes baseadas na
natureza. Entretanto, a consolidacdo dessa tecnologia em escala real depende do entendimento
e da otimizacdo de parametros operacionais que garantam desempenho estavel e previsivel. A
escolha de surfactantes anidnicos e patdgenos como contaminantes modelos justifica-se pela
sua relevancia ambiental e sanitaria. Assim, avaliar a remog¢do desses poluentes permite
verificar a robustez da tecnologia frente aos desafios do saneamento. Nesta tese,
investigaram-se variaveis criticas como regime de alimentacdo, tempo de deteng¢do hidraulica,
mistura, pH e suplementagdo de carbono em reatores do tipo High Rate Algal Pond (HRAP),
operados em condigdes tropicais. Também foram avaliadas diferentes condi¢des de cultivo,
auséncia e presenca de luz; ajuste de pH; suplementagdo com CO»; adi¢do de fonte organica
de carbono; sistemas combinados anoxico-aerobios; e aeragdo atmosférica, bem como os
mecanismos envolvidos na remog¢ao de surfactantes e patogenos. Os resultados demonstraram
que a associacdo de microalgas e bactérias alcangou as maiores eficiéncias na remog¢ao de
surfactantes anidnicos, atingindo até 97% sob condi¢cdes com aeracdo atmosférica, pH
controlado e suplementagdo de CO,. Os regimes semi-continuos favoreceram maior
produtividade de biomassa e concentragdo de sélidos suspensos totais, enquanto os continuos
apresentaram maior estabilidade e remogdo de nutrientes, mas com menor inativagdo de E.
coli. A operagdo intermitente dos HRAPs manteve elevadas remocdes de surfactantes e
patogenos, com menor demanda energética e sem comprometer a qualidade da biomassa.
Essas evidéncias reforcam a importancia do ajuste integrado dos pardmetros operacionais para
aprimorar a eficiéncia e a sustentabilidade dos HRAPs, oferecendo subsidios para seu

dimensionamento e aplicacdo em larga escala em condig¢des tropicais.

PALAVRAS-CHAVE: Desinfeccdo; Economia circular; HRAP; Surfactantes anidnicos;

Tratamento de esgoto doméstico.
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ABSTRACT

Farias, S.L. (2025). Microalgae-bacteria system for surfactant and pathogen removal:
assessing potentials and prospects for domestic sewage treatment. Campo Grande, 2025,
1115p. Thesis — Federal University of Mato Grosso do Sul, Brazil.

The application of microalgae—bacteria systems for domestic wastewater treatment represents
a promising strategy to simultaneously achieve pollutant removal and biomass production,
aligning with the principles of the circular economy and nature-based solutions. However,
consolidating this technology at full scale depends on understanding and optimizing
operational parameters that ensure stable and predictable performance. The choice of anionic
surfactants and pathogens as model contaminants is justified by their environmental and
sanitary relevance. Thus, evaluating the removal of these pollutants allows assessing the
robustness of the technology when addressing real sanitation challenges. In this thesis, critical
variables were investigated, including feeding and mixing regime, hydraulic retention time,
pH and carbon supplementation, in High Rate Algal Ponds (HRAPs) operated under tropical
conditions. Additionally, different cultivation conditions were assessed; presence and absence
of light; pH adjustment; CO> supplementation; addition of an organic carbon source;
combined anoxic—aerobic systems; and atmospheric aeration, as well as the mechanisms
involved in the removal of surfactants and pathogens. The results showed that the
combination of microalgae and bacteria achieved the highest efficiencies in anionic surfactant
removal, reaching up to 97% under conditions with atmospheric aeration, controlled pH, and
CO: supplementation. Semi-continuous feeding regimes promoted higher biomass
productivity and total suspended solids concentrations, whereas continuous regimes favored
system stability and nutrient removal, albeit with lower Escherichia coli inactivation.
Intermittent mixing in HRAPs maintained high surfactant and pathogen removal efficiencies,
reduced energy demand, and did not compromise biomass quality. These findings reinforce
the importance of integrated operational adjustments to improve the efficiency and
sustainability of HRAPs, providing guidance for their design and large-scale application in

tropical settings.

KEYWORDS: Disinfection; Circular economy; HRAP; Anionic surfactants; Domestic

wastewater treatment

Xiv



15

GENERAL INTRODUCTION

The increasing demand for environmentally sustainable and economically viable wastewater
treatment has intensified the search for alternatives to conventional, energy-intensive
technologies. Nature-based solutions have gained prominence in this context, as they integrate
ecological processes to achieve pollutant removal while promoting resource recovery
Adequate sewage treatment is a key element in preventing waterborne diseases and protecting
public health (Cohen-Shacham, Andrade, et al., 2019). Among these approaches, microalgae—
bacteria systems stand out as a promising strategy for domestic sewage treatment, offering the
dual benefit of contaminant mitigation and the generation of biomass that can be converted
into bioenergy and value-added bioproducts (Vassalle, Ferrer, et al., 2023; Fernandez, Reis, et

al., 2021).

Microalgae-based processes have demonstrated remarkable versatility, with proven potential
to remove nutrients, heavy metals, micropollutants, surfactants, and pathogenic
microorganisms from wastewater (Torres-Franco, Passos, et al., 2021; Hasan, Muhamad, et
al., 2023; Shahid, Malik, et al., 2020). Their implementation in open configurations,
particularly High-Rate Algal Ponds (HRAPs), is especially advantageous in warm climates,
where high solar irradiation and elevated temperatures enhance photosynthetic activity,
enabling low-energy operation and alignment with circular economy principles (Mohsenpour,
Hennige, et al., 2021; Barboza-Rodriguez, Rodriguez-Jasso, et al., 2024; Arashiro, Montero,
et al., 2018).

Despite these advantages, the scaling-up of microalgae—bacteria systems faces significant
challenges. Their performance is governed by a complex interplay of operational
parameters—including hydraulic retention time (HRT), water depth, pH, mixing regime, and
carbon source supplementation—that directly affect light distribution, nutrient availability,
microbial community structure, and ultimately, pollutant removal efficiency and biomass
productivity (Veldsquez-Orta, Yafiez-Noguez, et al., 2024; Sutherland and Ralph, 2020).
Variability in these parameters often leads to inconsistent treatment performance, limiting the
predictability and reliability required for regulatory acceptance and full-scale implementation

(Robles, Capson-Tojo, et al., 2020).

Among the pollutants of concern, surfactants and pathogenic microorganisms are particularly
relevant due to their environmental persistence and public health risks. Global surfactant
production exceeds 15 million tons per year, with linear alkylbenzene sulfonates (LAS)

representing one of the most widely used anionic surfactants in household detergents



16

(Ramprasad and Philip, 2016). After use, surfactants and their by-products are mainly
discharged into sewage systems and can reach surface waters through effluent or contaminate
soils via sludge disposal. Their environmental behavior and toxicity depend on the final
concentration in aquatic systems and the persistence or bioaccumulation of degradation by-

products (Lechuga, Fernandez-Serrano, et al., 2016; Macedo, Okada, et al., 2015).

Wastewater is a major reservoir for diverse human pathogens, particularly bacteria from the
intestinal microbiota that are shed in feces, posing significant health risks when effluents are
discharged into recreational waters or reused without adequate treatment (Chahal, Akker, Van
Den, et al., 2016). Most waterborne pathogens reach drinking water sources and recreational
waters due to human and animal waste, poor sanitation infrastructure, and insufficient
treatment processes (Aw and Rose, 2012). According to the United Nations, in 2022, 43% of
global population lacked safely managed sanitation, including 1.9 billion with basic services,
570 million with limited services, 545 million with unimproved services, contributing to the
spread of waterborne diseases (WHO and UNICEF, 2023). In low- and middle-income
countries, diarrheal diseases remain among the leading yet largely preventable causes of death
in children, and expanding access to effective wastewater treatment is a key element for
reducing pathogen exposure and preventing these avoidable deaths (Merid, Alem, et al.,

2023).

Microalgae—bacteria systems offer a promising approach for the simultaneous removal of
these contaminants, based on complex interactions between both groups. Microalgae can
enhance surfactant degradation by supplying oxygen and organic exudates that stimulate
bacterial activity (Chan, Khoo, et al., 2022; Serejo, Farias, et al., 2020), while mechanisms
such as high pH, solar irradiation, and biological interactions contribute to pathogen
inactivation (Berney et al., 2006; Arias et al., 2018). Among the various configurations that
explore these synergies, high rate algal ponds (HRAPs) stand out for their low cost and
operational simplicity. Investigating how operational parameters affect contaminant removal
in HRAPs is essential to optimize performance and support their large-scale application as a

sustainable wastewater treatment technology.

Nevertheless, there is still a lack of systematic knowledge about the optimal operational
conditions that ensure both treatment efficiency and biomass productivity, which limits the
consolidation of HRAPs as a reliable and scalable wastewater treatment technology. This
thesis is based on the hypothesis that the performance of microalgae—bacteria systems can be

significantly improved by optimizing parameters such as cultivation arrangement, feeding
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mode, and mixing regime, thereby enhancing surfactant and pathogen removal while
sustaining biomass productivity. By systematically evaluating these conditions, this work
aims to provide evidence-based operational guidelines to support the large-scale

implementation of High-Rate Algal Ponds (HRAPs) in tropical regions.

OBJECTIVES

General Objectives

Investigation of critical operational parameters in microalgae-bacteria systems for the
treatment of domestic wastewater, aiming at optimizing system performance and
substantiating the feasibility of large-scale application, using surfactant and pathogen removal

as key indicators of treatment efficiencies.

Specific Objectives
e Evaluate different cultivation conditions (isolated microalgae, isolated bacteria, and
microalgae-bacteria consortia), as well as operational factors (light, pH, CO2
supplementation, addition of organic carbon, anoxic-aerobic systems, and atmospheric

aeration) regarding the removal of anionic surfactants.

e Investigate the effect of feeding regimes (continuous and semi-continuous) on the
removal of organic matter, nutrients, surfactants, and pathogens, as well as on biomass

productivity and settleability.

e Analyze the impact of mixing regimes (continuous and intermittent) in HRAP reactors
operated under tropical conditions, considering removal efficiency, biomass quality,

and energy consumption.

e Identify the mechanisms involved in the removal of surfactants and pathogens under

the different operational scenarios studied.

e Propose operational guidelines to optimize the performance of HRAPs at full scale,

integrating treatment efficiency and biomass valorization potential.
Organization of this Thesis

This thesis is organized into five chapters, each structured to progressively advance from
theoretical foundations to experimental investigations and, finally, to the integration of

findings:
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e Chapter 1 reviews the state-of-the-art in microalgae cultivation systems for
wastewater treatment. It presents key concepts related to photobioreactor types, use as
secondary or tertiary treatment, and species selection. The chapter also outlines
technical, economic, and regulatory barriers to scale-up and highlights
recommendations for large-scale implementation. In this sense, it serves as the
theoretical framework of the thesis, providing the necessary background for

understanding the subsequent experimental chapters.

o Chapter 2 presents comparative batch-scale experiments conducted under controlled
conditions, aiming to guide the design of subsequent outdoor experiments. It
investigates the best operational and cultivation configurations for surfactant removal,
while also clarifying the specific role of each microorganism in the treatment process

and the underlying removal mechanisms.

e Chapter 3 focuses on the influence of feeding regimes (continuous and semi-
continuous) on the removal of surfactants and pathogens. It also analyzes correlations
between environmental variables (e.g., pH, light) and removal mechanisms, while
assessing the implications for biomass productivity. This chapter builds on the
findings of Chapter 2 by advancing from static to dynamic conditions, thereby
providing insights into how operational mode influences treatment stability and

efficiency.

o Chapter 4 analyzes the effect of continuous and intermittent mixing regimes on
treatment efficiency, biomass quality, and energy demand in HRAP reactors operated
under tropical conditions. By linking hydraulic operation to performance and
sustainability, this chapter further refines the evaluation of key parameters critical for

large-scale feasibility.

o Chapter 5 integrates the results obtained from all experimental chapters, discussing
their implications for the design and operation of HRAPs in tropical scenarios. It
consolidates the evidence gathered to propose operational guidelines, directly
addressing the central hypothesis of the thesis and outlining perspectives for full-scale

application.

Together, these chapters establish a logical progression from conceptual foundations to
applied experimentation, ensuring that each stage contributes to testing the central

hypothesis: that optimizing operational conditions in microalgae—bacteria systems



19

enhances contaminant removal while sustaining biomass productivity, thus supporting the

consolidation of HRAPs as a scalable wastewater treatment technology.
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CHAPTER 1 :
WASTEWATER TREATMENT IN MICROALGAE CULTIVATION SYSTEMS:
RECOMMENDATIONS FOR LARGE-SCALE APPLICATION!

ABSTRACT

The cultivation of microalgae, prized for their versatile applications, from biofuel to
pharmaceuticals, involves selecting cultivation systems like open ponds or closed
photobioreactors, considering factors such as application, space and scale. This chapter
explores the cultivation of microalgae using (pretreated) domestic effluent as the culture
medium in High-Rate Algal Pond (HRAP) reactors. Optimization of environmental and
operational parameters is crucial for increasing the technology readiness level (TRL) of
microalgae-based systems. Pilot systems tested variations in feeding regime, hydraulic
retention time (HRT), light intensity and CO; addition. Under the conditions tested in a
tropical climate with real primary and secondary wastewater, the main suggestions for process
scalability are: operation in semi-continuous mode, HRT of 5 to 7 days, cultivation without
shading, and addition of as much CO: as possible, always aiming for the highest biomass
productivity while optimizing the removal of pathogens and other emerging pollutants. The
system presents significant efficiency in reducing pollutant load and mitigating eutrophication
with less need for treatment area, as well as the potential for nutrient recovery for agriculture.
The conditions tested guide the applicability of using this technology on a large scale,

positioning it as an important tool for bioeconomy advancement.
A short history of microalgae-based wastewater treatment

The use of microalgae for wastewater treatment goes back several decades; shortly after the
first oil crisis in 1973, and based on earlier ideas of Oswald based on complex interactions
between both groups, (1960) the National Renewable Energy Laboratory (NREL) started the
“Aquatic Species” research project aimed at identifying biological processes capable of
producing large amounts of vegetable oils, to be used as an alternative biofuel. One of the
conclusions was that microalgae cultivation could provide a technically viable alternative

source for transportation fuels, but in order to keep costs low, domestic wastewater, rather

! Book chapter published - Sarah Lacerda Farias; Graziele Ruas; Marc Arpad Boncz, Fabio Rodrigo de Oliveira,
Carlos Alexandre Lutterbeck, Enio Leandro Machado, and Fernando Jorge Corréa Magalhdes in: Wastewater
Treatment - in Microalgae Cultivation Systems: Recommendations for Large-Scale Application. In: Severo, [.A;
Ordoiiez, J.C.; Mariano, A.B.; Vargas, J.V.C. (Org.). Grand Challenges in Biology and Biotechnology. led.:
Springer Nature Switzerland, 2025, v., p. 343-375
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than fertilizers, should be used to supply the nutrients necessary for the biomass to grow.
Experiments with High Rate Algal Ponds were initiated in California and Hawaii, and later on
in Roswell-NM, showing very promising results (Sheehan, Dunahay, et al., 1998). In the
following decades, in which very low petroleum prices inhibited economic viability of
alternatives, these experiences were almost forgotten, but since the beginning of the 2000s, as
a result of increasing oil prices, but also because of the increasing urgency to limit global
warming, the cultivation of oil-rich microalgae using wastewater became a hot topic again
(Wijffels and Barbosa, 2010; Chisti, 2007). Since those early days, a lot has been done, and
because of cost concerns, currently the focus of research on microalgae cultivation in
wastewater has shifted from optimizing production of triglycerides and biodiesel to actually
treating the wastewater, and the production of interesting products from these algae, which
can be much more than only algae-oil, has turned into a secondary, albeit very interesting,
objective (Leite and Daniel, 2020). Following up on the results of the Aquatic Species
program, the approach is often to run the algae-based processes close to a facility that
produces CO», like a fermentor, an anaerobic digester, or even a gas-fired electric power
plant: additional carbon is necessary for algal biomass production, as treated sewage has a
carbon deficit, when considering its C, N and P contents and comparing these with the
Redfield ratio (C:N:P =106:16:1), a typical ratio for algal biomass composition often used as
a starting point for studies and calculations (Rogers, Rosenberg, et al., 2014; Dammak, Fersi,
et al., 2023). Such CO-supply is not essential though; in the absence of a supply of CO», the
algae will use atmospheric CO: introduced by the mixing of the HRAP with a paddlewheel.

The growing importance of the use of microalgae in wastewater treatment can be explained
when looking at various factors. In the first place the increasing necessity of nutrient removal.
Biological wastewater treatment processes are designed to remove organic matter, in order to
avoid receiving waters to become anaerobic and devoid of life. But activated sludge
processes, and especially anaerobic digestion, generally do not remove significant amounts of
nutrients (Chernicharo, 2007). Nutrient removal is becoming increasingly necessary, not only
to avoid eutrophication of receiving water bodies, but even more so to move on to a circular
economy, in which materials are not wasted (creating problems elsewhere), but recovered and
reused (Manthos, Koutra, et al., 2022). In contrast to the bacteria normally used in wastewater
treatment, microalgae need relatively large amounts of nutrients, which will accumulate in the
produced biomass, and, when separating the algae, can be recovered, permitting reuse when

using algae or derived products as fertilizers (Yang, van Lier, et al., 2022; Calicioglu and
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Demirer, 2015). Also, microalgae are capable of absorbing heavy metals, and thus much
higher removal efficiencies of heavy metals can be achieved then when only using bacterial
processes (Mufioz and Guieysse, 2006). And in the third place, microalgae are capable of
limiting the number of pathogens present in the effluent, for various reasons, like the
variations in pH and oxygen level they induce, but also because of the release of some

antibacterial compounds (Mufioz and Guieysse, 20006).

Actually, there are three main lines of research on the use of microalgae in wastewater
treatment, which will be discussed in separate sections below. In the first line of work, an
algae-based process is used for treatment of a secondary effluent, often domestic sewage that
has been treated in a UASB reactor (anaerobic digester), but this may also be the secondary
effluent of an activated sludge process. This way, the emphasis is on polishing the secondary
effluent: removing nutrients, pathogens and emerging contaminants, and the biogas produced
in the UASB reactor can be upgraded by the algae-based process, which benefits from the
CO> present in the biogas (Rodero, Lebrero, et al., 2019; Scarcelli, Ruas, et al., 2021).

In a second, more recent line of work, an algae reactor, often a HRAP-type reactor, is fed with
primary sewage, and the mixed culture present in the reactor contains a significant amount of
activated sludge, whilst algae growth may be limited by the reduced light penetration in the
medium. In this case, the emphasis is on removing organic matter, nutrients and pathogens
(Ruas, Farias, et al., 2020a; Park, Craggs, et al., 2011; Farias, Ruas, et al., 2023). Depending
on the situation, the general composition of the algae cultivation medium (the (pretreated)
wastewater), will vary greatly, as shown in Table 1-1 below. As sewage characteristics depend
heavily on the economic and cultural situation, but also on factors such as water availability
and the use of kitchen grinders, the actual characteristics of a local domestic wastewater may

be outside the ranges presented here (Metcalf &Eddy, Burton, et al., 2014).

Table 1-1- Characteristics of primary and secondary domestic sewage- Upflow anaerobic sludge
blanket (UASB) and activated sludge reactors (Dammak, Fersi, et al., 2023; Metcalf &Eddy, Burton,
et al., 2014; Von Sperling, 2007).

Parameter Primary treatment Secondary treatment
Effluent UASB  Effluent act. sludge
Total Suspended Solids (TSS) (mg L™%) 120-400 60-100 10-30
Chemical Oxygen Demand (COD) (mg L™}) 250-800 200-280 50-100
Total Organic Carbon (TOC) (mg L™%) 80-260 100-130 20-40
Ammonia (mg L™Y) 12-45 >15 1-10
Total Kjeldahl Nitrogen (TNK) (mg L™1) 30-70 40-50 10-20
Total nitrogen (TN) (mg L™%) 20-70 >20 15-35

Total Phosphorus (TP) (mg L™ 4-11 8-12 1-5
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Important aspects of algae-based wastewater treatment processes

Types of photobioreactors

As stated in the introduction, microalgae can be cultivated in two fundamentally different
types of systems: open and closed photobioreactors (Barboza-Rodriguez, Rodriguez-Jasso, et
al., 2024), but nowadays there are also hybrid systems (Li, Liu, et al., 2019). The choice of the
best reactor design for a specific situation is made on the basis of a cost-benefit analysis,

taking into consideration the desired efficiency and treatment requirements.

Open photobioreactors are the most common design used for domestic wastewater treatment,
because they are simple to install, operate and maintain, and provide an efficient removal of
organic matter and nutrients (Mufioz, Teresa, et al., 2006). Among the open photobioreactor
designs available, the High Rate Algal Pond (HRAP) stands out for operating in such a way
that autotrophic and heterotrophic metabolisms coexist and support each other. The HRAP,
originally developed by Oswald in the 1950s (Oswald and Gotaas, 1957; Oswald and
Golueke, 1960; Nurdogan and Oswald, 1995; Sutherland and Ralph, 2020) is an obvious
choice because of its simplicity and low operational costs (Barboza-Rodriguez, Rodriguez-
Jasso, et al., 2024). This system comprises shallow and open ponds to ensure light
penetration, and the use of paddlewheels to facilitate thorough mixing of the culture, prevent
sedimentation of microalgae/bacteria flocs and enhance nutrient diffusion across the cellular
boundary layer, without damaging the cells through excess shear forces (Sutherland and
Ralph, 2020). Key features of these reactors include high efficiency, operational simplicity,
scalability and an energy consumption below 10 W/m?, whilst there are already patented
models with an even lower energy requirement of less than 2 W/m? significantly
outperforming other reactor technologies. Given the need for a low depth and a high hydraulic
retention time to permit sufficient biomass growth and pollutant removal, the large land
requirement for implementation is the most significant restriction for this technology (Torres-
Franco, Passos, et al., 2021). However, it is crucial to note that while conventional
technologies rely on mechanical and electrical equipment that depreciates over time, the main
investment for HRAPs is the acquisition of land, of which the value may actually increase in

the long term, while reducing capital costs (Alcantara, Posadas, et al., 2015).

In contrast, the closed photobioreactors, which eliminate the risk of contamination, are more
commonly used for microalgae cultivation when the biomass has a higher valued destination,
such as the production of nutraceuticals (supplements, antioxidants, etc. for human or animal

nutrition), dyes, phytochemicals (polyphenols, polysaccharides), medicines and biochars (da
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Rosa, Alves, et al., 2023), as the high costs of building, operating and maintaining closed
reactors are only justified for biomass production systems when the sale of the product and its
added value will support the viability of the system's operation. However, in these cases often
more severe restrictions concerning the quality and cleanliness of the cultivation medium
exist (Severo, de Lira, et al., 2024; Lorenz and Gerald R Cysewski, 2000). As a result of
higher costs and the lack of need to avoid contamination, closed photobioreactors are less

relevant for wastewater treatment processes.

Microalgae species

Many different species of microalgae can be used in photobioreactors, and some species have
special characteristics and capabilities for producing certain specific products of interest.
However, in the case of wastewater treatment, the cultivation medium is never sterile, and an
invasion by another species is always possible. A complete change of the dominant biomass
species can occur within a week (Sutherland, Turnbull, et al., 2017). Thus, relatively little
importance should be paid to the selection of specific microorganisms, as over time natural
selection will inevitably cause the biomass composition to evolve to a certain, case specific
optimal composition anyway (Bohutskyi, Liu, et al., 2015), depending on the type of effluent,
cultivation system and applied conditions (Abdelaziz, Leite, et al., 2014). What has been
gaining momentum is prospecting mixed cultures in natural environments and effluents to
arrive at a favorable population more quickly (Pompei, Ruas, et al., 2023; Pompei, Ruas, et

al., 2024).

The use of native and bioprospected microalgae in the effluents to be treated has been a
successful alternative for improving treatment, as it reduces the time needed to adapt the
culture and shows better removal of target pollutants (Krustok, Truu, et al., 2015; Wilkie,
Edmundson, et al., 2011). The more diverse the community of microalgae present, the more
resilient and efficient the system, especially regarding the removal or inactivation of
pathogens (Krustok, Truu, et al., 2015), since we know that different species of microalgae
affect the pathogens in domestic effluents differently (Ruas, Farias, et al., 2023). In most cases
we will see the presence and/or dominance of Chlorella spp. and Scenedesmus spp. (Al-
Hammadi and Glingérmiisler, 2024; Silambarasan, Logeswari, et al., 2023; Msanne, Polle, et
al., 2020). The Solids Residence Time (SRT) in the reactor is a critical process parameter, as
longer SRTs create less diverse biomass, while shorter SRTs increase selective pressure on the
microbial community structure and force a higher biomass diversity, thus affecting stability,

efficiency and reliability of the process as a whole (Bradley, Sevillano-Rivera, et al., 2019).
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Biomass and by-products

Even though microalgae can be used for the production of many different types of
compounds, often with a higher aggregated value (da Rosa, Alves, et al., 2023; Hassan,
Meenatchi, et al., 2022; Suganya, Varman, et al., 2016), when primary and secondary
domestic effluents are used as a growing medium, the recommended applications are
production of biofuels, bioplastics, biopolymers and biochars. Even though these are less
valuable products, their production may still contribute to a circular economy and to a more
cost effective operation of the wastewater treatment plant. Biomass productivity in HRAPs
fed with anaerobically digested effluent can be around 0,30 g.L''.d"!, at a final dry weight
concentration of =22 gL (Ziganshina, Bulynina, et al., 2022). For a city of 100
000 inhabitants producing 100 L of sewage per capita per day, treated in a HRAP with a HRT
of 5 days this would come down to 15 tons of biomass per day. This biomass can then be
further processed, depending on its composition; a detailed example of biomass composition
as a result of different types of feed is given by Villar6-Cos (2024). In general, processes
should be prioritized in which the biomass will be processed chemically and/or thermally, in
order to minimize the risk of product contamination by pathogens, heavy metals and inorganic
pollutants (Markou, Wang, et al., 2018). Another prominent use of the produced biomass is in
its anaerobic digestion for biogas production. Several studies already combine effluent
treatment, algal biomass production, and biogas production and purification (Oswald,
Golueke, et al., 1956; Olguin, 2012; Scarcelli, Ruas, et al., 2021; Ruas, Lopez-Serna, et al.,
2022). Given the importance of natural gas in the world’s energy matrix, and the possibility to
upgrade biogas to compatibility with natural gas (Mufioz, Meier, et al., 2015), this will remain

an important ongoing research topic in the foreseeable future.

Microalgae-based systems and Nature-based Solutions

The concept of Nature-based Solutions (NbS) appeared in scientific literature in the 2000s and
is used to define the sustainable use of nature, or systems mimicking nature, to solve society's
problems and challenges (IUCN, 2013; Eggermont, Balian, et al., 2015). NbS are different
from ecosystem-based approaches in that they must follow three principles: i. application
alone or integrated with other solutions; ii. application on a landscape scale; iii. integrating a
management policy with the participation of all stakeholders, with the aim of solving a
problem/challenge (Cohen-Shacham, Andrade, et al., 2019). The famous HRAP system,
detailed in the previous section, as well as other types of microalgae-based systems (Faraloni,

Touloupakis, et al., 2023; Malyan, Kumar, et al., 2024), has already been identified as an NbS
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(Vassalle, Ferrer, et al., 2023). The use of microalgae-based NbS for effluent treatment is still
growing, and the establishment of guidelines and regulations is essential to expand their use.
A great example can be seen in South Australia, where the use and application of HRAP
systems is already regulated, and where guidelines are drafted to ensure that the
characteristics and efficiency of the system are complied with (LGA, 2020). The publication
of government documents, standards and guidelines strengthens the use of NbS with
microalgae, since this integration of technology, management and users is imperative for any

ecological solution to be considered a NbS (Cohen-Shacham, Andrade, et al., 2019).
Algae-based processes for secondary wastewater treatment

Microalgae-bacteria systems, and especially the High Rate Algae Ponds, have traditionally
been developed as an option for the tertiary treatment of wastewater, removing remaining
nutrients and other pollutants and promoting disinfection. However, it is also possible, and
increasingly common, to use HRAPs immediately after primary sedimentation, acting as a
secondary treatment of an effluent that contains both soluble organic and inorganic
compounds, thus enabling the removal of both nutrients and organic carbon in one step
(Acién, Gomez-Serrano, et al., 2016; Posadas, Alcantara, et al., 2017). Utilizing primary
treated wastewater for microalgae cultivation presents benefits such as a higher microalgal
biomass concentration and a more efficient nutrient recovery. This approach can yield
biomass concentrations of up to 0.65 gL' and enable the production of up to 1kg of
microalgae biomass per m? of processed wastewater (Acién Ferndndez, Gomez-Serrano, et al.,
2018). Considering that this matrix only goes through the physical process to remove coarse
materials, with substantial removal of settleable solids of = 70%, and a slight reduction of
organic matter of = 40% COD, there is no effective change in the chemical composition of the

effluent (Posadas, Muiioz, et al., 2017).

The proportion of macronutrients carbon, nitrogen and phosphorus in the effluent stands out
as one of the main factors that influence biomass productivity. The C/N ratio impacts the
equilibrium among heterotrophic, nitrifying bacteria, and microalgae. A higher ratio tends to
promote the predominance of heterotrophic bacteria and a higher lipid content in the biomass,
whereas a lower ratio supports nutrient treatment and recovery (Zhu, Qin, et al., 2019; Torres-
Franco, Passos, et al., 2021). The composition of primary treated wastewater can be closer to
the ideal proportion of traditional cultivation mediums for microalgae production.
Nevertheless, carbon limitation is a common problem when using sewage as a cultivation

medium, which can be solved with supplementation of inorganic carbon. If no source of CO-



28

or carbonates can be found, more intense mixing with a paddlewheel permits increased CO>

absorption from the air.

The N/P ratio affects the elemental composition of the biomass, leading to varying degrees of
accumulation of these nutrients, and influencing the biomass growth (Gongalves, Pires, et al.,
2016). Wang (2010) noted that, when assessing the growth of the green alga Chlorella sp. at
four distinct points in a wastewater treatment plant's treatment process flow, the most
favorable proportions of inorganic N/P were found at the points before and after primary

sedimentation, close to the ideal range of 6.8-10.

Among the microalgae reported in the literature, the most representative genera present in
primary sewage are Chlorella sp. and Scenedesmus sp, whose growth is also favorable in
secondary and tertiary effluents (de Cassia Soares Branddo, Oliveira, et al., 2023). The
application of Chlorella in treatment of primary effluent stands out for for its ability to
recover nutrients combined with the production of biomass, and presents great potential for
replacing treatment by means of an activated sludge process, for example (Wang, Min, et al.,
2010). Likewise, Scenedesmus, commonly grouped in colonies, is notable for nitrogen and
phosphorus removal efficiencies ranging from 30% to 100%, and for its resilience in adverse
environmental conditions (Cai, Park, et al., 2013; Sanchez Zurano, Garrido Cardenas, et al.,

2020).

The microalgae-bacteria system employed in HRAPs fosters the removal of nutrients and
pollutants through a complex, synergistic interaction between these microorganisms. In order
to achieve maximum removal efficiencies of both organic matter and nutrients, it is crucial to
understand the removal mechanisms, investigating in detail the effect of environmental and
operational parameters such as pH, temperature, light intensities, hydraulic retention time
(HRT) and CO: supplementation. Pilot studies, conducted under real-world environmental
conditions, prove more effective than controlled laboratory experiments, offering valuable
insights that can guide large-scale system applications (Forruque, Mofijur, et al., 2022). In this
section, we will explore studies of parameters applied to HRAPs fed with primary domestic
sewage, which are summarized in Table 1-2. These investigations sought to improve reactor
performance, with greater nutrient recovery and biomass productivity, guiding the adoption of

full scale technology.

Hydraulic retention time (HRT) is an important operational parameter that affects the
proportion and composition of biomass and determines the nutrient loading rate. Controlling

this parameter makes it possible to overcome system limitations such as long-term operating
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stability and biomass production limitations (Rani, Gunjyal, et al., 2021). It is also an
important parameter in relation to costs, as the final energy consumed per cubic meter of
treated wastewater is a function of the specific energy consumption in the reactor and the
hydraulic retention time of the system (Acién, Gomez-Serrano, et al., 2016). The
determination of the HRT must consider characteristics of wastewater and climatic factors,
considering that solar irradiance impacts light penetration and temperature affecting
respiration and decomposition (Posadas, Alcantara, et al., 2017). A shorter HRT can be
applied at higher temperatures, intensifying productivity, however greater dilution can impact
the quality of the final effluent (Sutherland and Ralph, 2021; Donna L Sutherland, Turnbull, et
al., 2014). Long HRTs, on the other hand, are more suitable in winter, considering that

microalgae growth is slower during this period.

Garcia (2000), observed that for nitrogen removal from primary effluent with low organic
matter, an HRT of 4 days is adequate in the spring and summer seasons, while for
autumn/winter the HRT of 10 days was more appropriate. (Ruas, Farias, et al., 2020a)
obtained similar results of biomass gain with the application of HRT of 5 and 7 days, but the
higher HRT improved the removals of COD, TOC, TN and TP.
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Table 1-2 - Reported operational parameters with percentage nutrient removal and biomass production in primary domestic wastewater treatment used as the
influent in High Rate Algal Pond studies on a pilot scale.

Reference

Operational parameters

Results

Removal efficiencs (%)

HRT Temp. Water CO, addition Feeding regime Shading Representative species Biomass Productivity TN TP COD
(d) °0) depth (m) (L min™) (gm?2d?
(Garcia, Mujeriego, et al., 4 21.7 0.3 - Continuous - D. pulchellum, Chlorella sp., N/R 57 N/R N/R
2000)* 10 11.8 M. pusillum, S. armatus, 73
S. acutus
(Craggs, Sutherland, et al., N/R 154+3 0.35 N/R N/R - Micractinium sp., 11.5 64-67% 14-24%  82-91%
2012)* Desmodesmus sp (only NH4-N)  (DRP) (fBOD:s )
(Donna L. Sutherland, 4 194+4 0.3 - Continuous - Mucidosphaerium pulchellum 13.8+£2.6 75+21 58+£29 N/R
Turnbull, et al., 2014)* (NH4- N) (DRP)
(Donna L Sutherland, 4 16+2.4 0.2 1.6 Continuous - Mucidosphaerium pulchellum 150 £ 36 703+6.5 234+18 N/R
Turnbull, etal., 2014)* 16142 0.4 201 £61 685+59 19816
(Chl-omgm?2d™") (NH4-N) (DRP)
(Kim, Kang, et al., 2014)* 2 25.8 0.3 - Semi-continuous: - Chlorella sp., Scenedesmus ~ 0.5+0.03 (gL' 'd") 92.68 82.65 85.44
sp., Stigeoclonium sp.
(Matamoros, Gutiérrez, et al., 4 25+1 0.3 - Continuous - Chlorella sp, Stigeoclonium 316+ 50 99 N/R 75
2015)* 8 sp, Monoraphidium sp., 346 + 38 99 84
Stigeoclonium sp
(Posadas, Morales, etal., 2.7+0.1 23+1 0.3 20 Continuous - Scenedesmus sp 17+1 73+1 3+0 88+ 0
2015)*
(Ruas, Serejo, et al., 2018)* 5 35+45 0.15 0.005 of 30% CO, Continuous - Chlorella vulgaris, 4.1+£1.3 27+11 8+1 88+9
Microspora sp
(Arashiro, Ferrer, et al., 4.5 N/R (cold// 0.3 - Continuous - Chlorella sp 15+6 49+ 17 37452 62 +22
2019)* warm (POS)
seasons)
(Serejo, Farias, et al., 2020; 7 274+2 0.16 - Continuous - Scenedesmus sp. 1.5 65+8 65+8 74+ 8
Farias, Ruas, et al., 2023)*
273+2 Semi-continuous: 3.6 74+ 6 86+ 1 73+8
12h-!
0.1hd 33 76 +8 80+7 7013
(Ruas, Farias, et al., 2020a) 5 21.9+3 0.16 0.025+0.4 Continuous - Scenedesmus sp. 32+0.2 78+4 58+9 41«5
5 223+3 20+0.2 80+6 58+5 34+4
7 223+3 26+0.2 90+ 1 87+7 67+6
(Pham, Laurent, et al., 2021)* 4 182+3 0.3 - Continuous - Chlorella sp., Ulothrix sp., 41+0.2 77+114 472+25 57.7+189
Scenedesmus sp
(Ruas, Farias, et al., 2022) 5 21.9+3 0.16 0.025+0.4 24hd! 50% Scenedesmus acutus 3.94+1.00 73 +£3 2947 63+8
21.6+4 - 24 hd! Scenedesmus obliquus 2.83+0.51 67+2 26+ 12 66+ 13
21.7+3 - Semi-continuous 593+£2.0 60+ 18 35+ 14 59+16
0.1hd'

Abbreviations: Hydraulic retention time (HRT); Temperature\\(Temp); Total Nitrogen (TN); Total Phosphorus (TP); Chemical Oxygen Demand (COD); Not reported (N/R).

* Data from the best conditions tested in relation to biomass productivity, considering the different stages developed.
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Temperature and light are critical environmental factors influencing microalgae growth.
Given the diverse environmental conditions in open cultivation systems, microalgae strains
must exhibit tolerance to variables like temperature fluctuations and changes in illumination.
Temperature plays an essential role in the metabolic development of microalgae, as well as
influencing the composition of biomass, cell physiology and can affect the solubility of CO»
in the cultivation medium (Dammak, Fersi, et al., 2023).The optimal growth temperatures for
most microalgae species, including the genera Chlorella sp and Scenedesmus sp, commonly
found in primary wastewater, typically range from 15°C to 35°C (Posadas, Alcantara, et al.,

2017).

While higher temperatures are advantageous for microalgae production, it's crucial to assess
whether they surpass the ideal range, as excessive heat can have more detrimental effects than
low temperatures, diminishing both photosynthesis and respiration (Ras, Steyer, et al., 2013).
Echenique-Subiabre et al. (2023), comparing predicted biomass productivity based on local
climatic conditions revealed significant variability across sites, not solely explicable by these
conditions. It emphasizes the need to differentiate and quantify the influence of local climatic
conditions versus experimental conditions on productivity to increase confidence in scaling up

experimental results.

Linked directly to light, the ratio of illuminated surface to volume (depth) is an important
parameter affecting both volumetric productivity and pollutant removal rates (Mufioz and
Guieysse, 2006). The depths applied in cultivation with primary sewage reported in the
literature vary from 0.1 to 0.4 m (Table 1-2). Correlated with HRT, shallower depths may
enhance productivity; however, microalgae become more vulnerable to temperature
fluctuations and the risk of overheating (Béchet, Shilton, et al., 2016). Sutherland et al.
(2014b), when comparing HRAPs with depths of 0.2 and 0.4 m, noted that doubling the depth
resulted in up to a 200% increase in productivity, in which despite the reduction in the
euphotic zone, microalgae proved to be more photosynthetically efficient, and suffered less

carbon limitation during certain parts of the day.

Low light intensity restricts the metabolic energy of algae, whereas high intensity induces
photoinhibition or photooxidation, which occurs when the cellular capacity of algae to utilize
energy is exceeded (Assemany, Calijuri, et al., 2014). In this context, there are studies
reported in the literature that evaluated the effect of light intensity on productivity, using
shading screens.(Ruas, Farias, et al., 2022), conducted an experiment in a tropical climate

using primary wastewater as a cultivation medium, with a 50% shade screen. The productivity
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results closely resembled values obtained in HRAPs operated with 5—7 days of HRT and light
intensities ranging between ~156 umol m 2 s™! and =725 umol m 2 s”!. Consequently, it was
observed that under these conditions, light intensity was not a limiting factor for microalgae

growth.

The external addition of CO> is an operational arrangement that makes it possible to
overcome the common carbon limitation in sewage due to unbalanced nutrient ratios (Torres-
Franco, Passos, et al., 2021). CO» addition also contributes to reducing pH, thus mitigating the
environmental impact of ammonia volatilization and preventing phosphorus precipitation,
which typically occurs at pH levels above 9 (Sutherland and Ralph, 2020). Life Cycle
Assessment (LCA) studies identify that one of the potential highest investment cost points in
the cultivation of microalgae in sewage is CO2 supplementation, which demonstrates that it is
a gap that is still under constant investigation for better economic viability aimed at
applications on a large scale (Magalhaes, Ferreira, et al., 2021). A cost-effective and
environmentally sustainable solution for CO. supplementation involves utilizing biogas
produced during anaerobic wastewater treatment. This process requires scrubbing to eliminate
H>S and harness the COg, a, presenting the algal-bacterial process as a promising option for

upgrading this biogas (Chaudhary, Tong, et al., 2017).

CO:> supplementation in primary wastewater in HRAPs, reported in the literature, proves the
efficiency in the growth of microalgae, but depending on the flow rate applied and other
factors, it may not significantly influence the removal of nutrients and other pollutants. (Ruas,
Farias, et al., 2022), observed that the addition of CO: did not impact the removal of
pathogens, but improved the productivity and sedimentability of the microalgal biomass.
Similar findings were observed in a study of Sutherland et al. (2015), where the addition of

CO; enhanced the photophysiology of microalgae, resulting in increased microalgal biomass.

An additional critical factor that can enhance productivity and lower costs is the feeding
regimen. This cultivation method has the potential to surpass the efficiency constraints of
batch regimes and overcome operational control and cost limitations of continuous systems,
making it a highly suitable option for large-scale cultivation (Yadav, Dubey, et al., 2020). The
comparative performance of removal of pollutants such as surfactants, heavy metals and
pathogens and microalgae growth of semi-continuous and continuous regimes in HRAPs
treating primary sewage was explored by (Serejo, Farias, et al., 2020; Ruas, Farias, et al.,
2022; Farias, Ruas, et al., 2023). Ruas et al. (2022) observed that the semicontinuous feed

regime improved the biomass productivity and TSS concentration while reducing Escherichia
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coli removal. Serejo et al. (2020) also considered the condition with continuous feeding at
0.1 hd! to be more advantageous, with respect to both the microalgal biomass productivity
and the nutrient removal efficiencies. However, under these conditions, the removal of E. coli
was lower, likely attributed to the high dilution over a short timeframe, which might have

compromised the treatment efficiency (Farias, Ruas, et al., 2023).

Combining anaerobic digestion and microalgae-based processes for tertiary wastewater

treatment

When combining microalgae with activated sludge processes, probably a secondary treatment
process is more efficient (vide ante), but microalgae processes can also be very well combined
with anaerobic digestion (AD). Anaerobic Digestion is a biological process without oxygen,
resulting in the production of biogas (= 60% methane, =~ 35% carbon dioxide, = 5% nitrogen,
and trace gasses, like NH3, H2S and VOCs), a source of renewable energy, and a digestate rich
in nutrients (Guan, Zhao, et al., 2024). The use of anaerobic processes to treat domestic
wastewater is more attractive in tropical- and subtropical regions, due the necessity of

temperatures above 20 °C for the microbial metabolism (Chernicharo, 2007), and also

because at lower temperatures increased methane solubility will cause significant loss of
methane, a potent greenhouse gas, to the environment with the treated effluent (Stazi and
Tomei, 2021). In spite of advantages like easy operation, and low installation and operating
costs, there are also drawbacks, as AD requires post-treatment, since removal of organic
carbon is limited to around 80%, and AD does not remove nutrients (nitrogen and
phosphorus) and pathogens (Bressani-Ribeiro, Chamhum-Silva, et al., 2019; Guan, Zhao, et
al., 2024). In addition, when not used in-situ, the biogas produced needs to be purified
(“upgraded”) in order to meet standards for distribution and use (Vasan, Sridharan, et al.,
2024), removing especially the large amount of CO> present, as well as the traces of HaS,

which is corrosive.

The use of microalgae-based processes to treat secondary domestic wastewater (digestates) is
a good option for recovering macro- (nitrogen (N), phosphorus (P), and potassium (K)) and
micronutrients (sulfur (S), magnesium (Mg), cobalt (Co), iron (Fe), molybdenum (Mo), and
nickel (Ni)) and thus promoting the circular economy (Chojnacka and Chojnacki, 2024; Guan,
Zhao, et al., 2024). Depending on the predominant species of microalgae produced, these can
be rich in proteins, sugars, and/or fats (Villar6-Cos, Cuaresma Franco, et al., 2024), and thus
can be used as a source of animal feed, or as a feedstock for fuels, chemicals, cosmetics

and/or fertilizer production (Stiles, Styles, et al., 2018). In addition, microalgae-based systems
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can be used for biogas upgrading, as their growth is often carbon limited, and biogas
upgrading requires exactly removing the excess of CO» present in it (vide ante) (Serejo et al.
2015; Posadas et al. 2017b). Biogas upgrading was seen to be more efficient when cultivating
microalgae in secondary wastewater than in primary wastewater, as secondary wastewater has
a lower C/N ratio than primary wastewater and thus a higher demand for CO: (Rodero,

Lebrero, et al., 2019).

Dimensioning

When operating a full scale HRAP for treatment of secondary effluent, a number of
parameters needs to be taken into account. The first is the HRT to be applied. The process
depends on both bacteria and microalgae, of which the latter depend on sunlight for
photosynthesis, producing the oxygen the bacteria will need for degradation of organic matter
and nitrification, amongst others. In order to guarantee exposure to sunlight for all wastewater
that enters the process, the HRT needs to be at least 24 hours, but generally HRAPs tend to be
operated at longer HRTs of between 3 and 8 days (Arbib, Ruiz, et al., 2013; Posadas, Morales,
et al., 2015), with a recommended minimum of 4 days (Ortiz, Diez-Montero, et al., 2022;
Craggs, Park, et al., 2014). Second, attention should be paid to light penetration. Illumination
matters, and as a result, the reactor depth is limited by the need to permit light penetration.
The darker or more turbid the suspension is, the shallower the reactor should be, with a
proportionally larger footprint. Typical depth of a HRAP for tertiary treatment is between 30
and 70 cm (Sutherland and Ralph, 2020; Ortiz, Diez-Montero, et al., 2022). A shallower pond
does not always result in better performance though. In a shallower pond, biomass
concentration will increase more, and this may cause light shielding, and the effect may be
that a deeper pond, in spite of lower biomass concentration, offers a higher volumetric and
especially areal rate of nutrient removal (Sutherland and Ralph, 2020). HRT and depth being
defined, the necessary surface area can be calculated, defining reactor length and width. CFD
calculations show that HRAP performance tends to be optimized at length to width ratios
higher than 10, as this gives a better velocity uniformity and reduces shear stress (Hadiyanto,
Elmore, et al., 2013). A paddlewheel is used for mixing the liquid. Mixing is required for
introducing CO», for keeping the cells in suspension and avoiding precipitation and also for
maintaining a flow of nutrients to the biomass, and maintaining liquid homogeneity.
Paddlewheel speed should be kept low to avoid shear stress on the cells and reduce
turbulence, and the number of paddles in the paddlewheel should be high, in order to avoid

backflow and improve paddlewheel efficiency (Ortiz, Diez-Montero, et al., 2022).
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As in other suspended cell processes, without intervention, the Solids Retention Time (SRT)
in the reactor would be the same as the HRT, and the amount of solids in the effluent would be
the same as in the reactor. To avoid this situation, solids (the macroalgae/bacteria suspension)
need to be separated and partially recycled, just as is done in the activated sludge process. In
order to do so, microalgae/bacterial flocs can be separated in a settler, kept in the system using
membrane filtration, or dissolved air flotation can be used. Generally, a SRT of around 7 days
is applied, but a higher SRT, and the resulting higher biomass concentration, results in a
higher process efficiency (Xu, Li, et al., 2015). Settleable biomass recycling also exerts
selective pressure on the biomass, leading to a higher proportion of better settleable biomass,
facilitating process operation (Sutherland and Ralph, 2020). The biomass that is not going to
be recycled to the process can be separated from the effluent using coagulants. In this case,
the possibilities depend on the pretended use of the biomass. The best results are usually
obtained with FeCls or alum (Alx(SOs4)3-12H>0), although at $130 and $65 per megaton of
algae harvested these are also the most expensive options (Udom, Zaribaf, et al., 2013).
However, when the microalgae will be used as fertilizer, for instance, the use of such metal
salt flocculants should be avoided, as these salts will accumulate in the fertilized soil, and a
cationic polymer, also cheaper with $50 per Mton, might be considered. Given the problems
arising from the use of traditional coagulants, a shift towards natural (and biodegradable)
coagulants, like those derived from Moringa Oleifera seeds (Cassini, Francisco, et al., 2017),
but more recently also those based on vegetable tannins, like the commercial Tanfloc SG, can

now be observed (Dammak, Fersi, et al., 2023).

Operation

Operation of a large-scale HRAP is straightforward and does not require much interference.
The reactor contents are to be kept mixed using the paddlewheel, which should maintain the
reactor contents at a horizontal speed of 15 — 30 cm/s (Craggs, Park, et al., 2014). During
operation, the pH in the reactor will vary, as during the day bicarbonate is consumed through
photosynthesis, while during the night aerobic respiration produces bicarbonate. Usually, the
pH will not drop below 6,5. If the pH tends to rise to values above 10,0, this indicates carbon
limitation, and nutrient removal will be affected. To make matters worse, at pH > 9,0,
ammonia may be lost to the environment by volatilization, as a result of the shift of the
ammonia - ammonium ion equilibrium. In such cases, the pH can be controlled (lowered) by
admitting CO» gas; in this case the pH will vary between 6,5 and the set upper value. Good
results were obtained limiting the pH at a value of 8,0 using CO; sparging (Park and Craggs,
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2010). Biomass concentration can be optimized controlling the sludge recirculation rate, as is
the case in activated sludge plants; a low biomass concentration will result in reduced removal
efficiency, but a too high biomass concentration will result in internal shading, reduced
photosynthesis, reduced algal activity and an increase of the bacteria/algae ratio in the

biomass.

Results

Given the operational parameters (HRT, SRT, pH, feed) as stated before, the use of
microalgae/bacterial combined biomass for tertiary treatment tends to present good results.
Removal efficiencies of N and of P of > 90% or even close to 100% are frequently observed
(Yu, Ko, et al., 2023; Alcantara, Fernandez, et al., 2015; Romero Villegas, Fiamengo, et al.,
2017), and pathogen removal, depending on the species tested, can be of 1-3 units log (Ruas,
Serejo, et al., 2021; Bhatt, Arora, et al., 2023). Factors that may be responsible for pathogen
removal in algae-based processes may be pH, Dissolved Oxygen, and sunlight mediated
processes; microalgae-based processes tend to result in fluctuating values for all these
parameters, with the bacteria lacking capabilities to respond to rapidly changing
environmental conditions. Entrapment of the pathogens in the microalgal/bacterial flocs may
also play a role (Bhatt, Arora, et al., 2023). Pathogen removal is not always complete though,
and pending better results, chlorine disinfection after this process may still be necessary,
depending on discharge requirements. Data on removal of heavy metals, of which especially
lead, mercury and cadmium are reasons for concern (Wilde and Benemann, 1993), show that
heavy metal removal by microalgae can reach from tens to a few hundred mg per gram of dry
biomass (Kumar, Dahms, et al., 2015), but heavy metal fixation is favored at lower pH,
around 5, which is below typical operating range. Metal removal may be desired, but
especially when the intended final destination of the biomass is agriculture, avoiding metal

removal by the microalgae, for instance by maintaining a certain pH, may be preferred.

Biomass productivity in laboratory and small-scale experiments has been good, but biomass
productivity on treated wastewater when using a full-scale system is significantly less, with
productivities of around 6 g.m™?d"! being recorded for such cases. Considering 40 cm reactor

depth and a 5-day HRT, this corresponds to 15 g m™ d!.

Current limitations in advancing large-scale application of microalgae-based wastewater

treatment

Despite the high potential presented here in this chapter and the advancement in this scientific

field, the large-scale algal biomass production technologies are not popular — are not part of
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the daily operation units of conventional Wastewater Treatment Plants (WWTP), not even in
decision-making, particularly in Latin America. In other countries, mainly Europe and the
United States, they already have larger plants, financing coming from large scientific

collaboration and innovation projects.

Most of the studies presented in the literature have been carried out on a small-laboratory
scale. There are limits about the possibility of obtaining reliable data for a comprehensive
assessment of the efficiency of such solutions. Therefore, there is a need to verify the results
in pilot-scale and the full technical-scale studies (Dg¢bowski, Zielinski, et al., 2020). This
chapter summarizes information of microalgal technologies for wastewater treatment
applications, based on bringing criteria to full-scale projects, including specificities that must

be considered on a real scale.

Limitation exists because the systems for algal biomass production, separation, and
conversion into energy carriers and other benefits still are difficult to bring economic
feasibility in the face of usual simplified processes. Where the sector view is only to
(wastewater) treat and meet environmental conditions, without incorporating the context of
circular economy, water reuse, and the nexus approach (water, energy, and food) as part of a
holistic, systemic, and sustainable management sight of sanitation based on the concepts of

resource-oriented sanitation.

The road to large-scale implementation—production and use of microalgal biomass—is not
only fraught with economic difficulties, but also with technological, normative, and legal
challenges. Unsuitable climate conditions are also an impediment; proper thermal and light
conditions are crucial factors in microalgal growth and improved performance. Sites of
anaerobic reactor exploitation can serve as technologically and commercially viable locations.
However, it is reasonable to assume that microalgae, with the multitude of commercial
applications, possess properties that grant them a competitive advantage over conventional
WWTP in terms of commercial applicability (Leu and Boussiba, 2014; De¢bowski, Zielinski,
et al., 2020). This will require local public policies and state strategies (climate change,
nature-based solutions, urban resilience) to encourage the local productive sector in the
implementation of a WWTP-biorefinery approach—including economic benefits— and
facilitate the bureaucratic legal and regulatory process. The concept of recovering resources
affords an opportunity for the development of technologies based on the use of microalgal

biomass.



38

Some important limitations were pointed out by Yap, Sankaran, et al. (2021), based on a
review carried out with several studies in the area. Therefore, this chapter was based on
bringing information to full-scale projects, based on specificities that must be considered on a
real scale. Some relevant and highlighted points are as follows: (a) high cost in cultivation and
harvesting process; and (b) criteria to design based on studies that are not comparable because
data on yields and costs relate to different cultural systems, different stresses, and different

environmental and social conditions

For large-scale application open raceway ponds appear to be more favorable— with the
potential for CO» sequestration. With biomass harvesting being one of the major challenges at
full-scale application, some of the recovery methods being considered include filtration,
centrifugation, gravity sedimentation, chemical flocculation, and dissolved air flotation.
However, the method of choice has to be selected based on a positive techno-economic and
environmental evaluation, also taking the energy balance into consideration. Open pond
systems and photobioreactors for large-scale commercial production are limited to culturing
microalgae for high value products and not biodiesel. Some criteria that need to be optimized

for large-scale application include (Rawat, Ranjith Kumar, et al., 2013):

e strain selection and seed culture preparation;

biomass and lipid yield optimization;

bioreactor configuration;

physic-chemical parameters; and most importantly

harvesting and extraction of the lipid from the biomass.

Major breakthroughs are still needed toward design and development of technologies (Amaro,
Guedes, et al., 2011) at full scale that can reduce costs while increasing yields. Integrated
studies, following coherent and long-run, well-funded R&D program, with social,
governance, and environmental management goals, are necessary. The processes should be
integrated in the existing biofuels industry to accelerate full-scale implementation, especially
in Third World countries. Developing this sector within an integrated social and economic
policy agenda and not just through disjointed environmental actions will speed things up: not
only meant for profit making and benefiting the environment, but also to help local

communities in terms of food and energy security (Lam and Lee, 2012).

The scale-up process is often expensive and frequently carries high risks. It will be important

that projects adapting technologies to local contexts, as they are not the same criteria and
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operational practices for all cases, clearly indicate: (i) practical recommendations and discuss
common challenges of large-scale systems associated with; (ii) cost-effective design; (iii)
operation and maintenance; (iv) shortage of experienced staff (especially phycologists); and
(v) social barriers, such as wider acceptance of algae as a food source and regulatory gaps

(Novoveska, Nielsen, et al., 2023).

In addition to the issues inherent to the specific innovation process itself and the challenges to
disseminate the technology on a real scale, it is important to highlight that transforming urban
society from a linear to a circular metabolism is a trend in many developed countries. In low-
income countries, green values and opportunities are less developed and have a generally
lower priority among many key stake-holders, and public budgets are too constrained to make
the right investments. With the development of microalgae-based wastewater treatment, many
innovative components should be developed to meet the requirement of wastewater treatment
and result in the appearance of the new related technologies. The cost of some components
(e.g., solid-liquid separators) may decrease with manufacturing development and mass
production, which could improve the high-cost dilemma. Actions are needed that go beyond
process optimization, but public policies that integrate social and economic-environmental

dimensions (Magalhaes Filho, Moreira, et al., 2022).
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CHAPTER 2 :

COMPARATIVE STUDY OF DIFFERENT CULTIVATION CONDITIONS IN THE
REMOVAL OF SURFACTANTS FROM SEWAGE BY MICROALGAE-BACTERIA
SYSTEMS?

ABSTRACT

In this work, the influence of different cultivation arrangements on the removal of anionic
surfactant in a microalgae-bacteria system was evaluated. Batch experiments using synthetic
sewage and addition of 20 mg L' Linear Alkylbenzene Sulfonate were carried out varying
inoculum conditions (microalgae and/or bacteria and without inoculum, light and dark) and
operating parameters (pH adjustment, addition of carbon by means of aeration, supply of
carbon dioxide carbon and of organic carbon source, and use of a combined anoxic-aerobic
system). The best result was obtained under the condition where microalgae and bacteria were
cultivated with aeration, with a removal efficiency of 97 + 1%. Slightly lower removal
efficiencies were achieved under the conditions with pH adjustment and CO»

supplementation, with 87 + 11 and 77 + 10%, respectively.
INTRODUCTION

The global production and use of chemical compounds, such as surfactants, has increased
significantly, with anionic surfactants being the most prevalent, followed by nonionic and
cationic types (Aloui, Kchaou, et al., 2009). Among the surfactants, linear alkylbenzene
sulfonate (LAS) stands out as one of the most widely used, accounting for 25-30% of global
surfactant production (Askari, Vahabzadeh, et al., 2021). Its widespread application is driven
by its high detergent efficiency and cost-effectiveness, making it a fundamental ingredient in

both industrial and household cleaning formulations (Pirsaheb, Khamutian, et al., 2014).

Due to their widespread use in household products, surfactants, classified as emerging
pollutants, inevitably enter wastewater. The COVID-19 pandemic further increased the use of
cleaning and disinfecting agents, resulting in even higher concentrations in wastewater
(Wang, Liu, et al., 2023). In wastewater treatment plants, surfactants can compromise system
performance by inducing foam formation, exerting biological toxicity, causing competitive
inhibition in activated sludge, reducing substrate affinity, and increasing effluent chemical

oxygen demand (Macedo, Silva, et al., 2019). Their persistence, particularly under anaerobic

2 Short version presented at the IWA 13th Wastewater Pond and Algal Technology Conference, July 2022,
Melbourne, Australia.
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conditions, poses a challenge for wastewater treatment (McDonough, Casteel, et al., 2016).
While biodegradable under aerobic conditions, they can still disrupt microbial activity and

impair treatment efficiency (Zhang, Zhang, et al., 2021).

The microalgae-bacteria system is a sustainable and cost-effective technology with proven
efficiency in removing various pollutants, including surfactants (Serejo, Farias, et al., 2020).
In addition to wastewater treatment, these systems contribute to carbon sequestration and
bioresource recovery, which make them a promising alternative for environmental
management (Fernandez, Reis, et al., 2021). Their effectiveness is attributed to the synergistic
interactions between microalgae and bacteria, which enhance pollutant degradation, nutrient
removal, and biomass production. However, enhancing system performance requires
understanding the removal mechanisms and refining operational parameters, which are

explored in this work.

LAS biodegradation in wastewater treatment systems is driven by microorganisms, with
aerobic processes leading to mineralization into CO> and H>O, and anaerobic conditions
relying on electron acceptors like sulfate, nitrate, and carbonate to produce H>S, N>, CH4, and
NH3 (Askari, Vahabzadeh, et al., 2021; Zhu, Ma, et al., 2018). Studying these microbial
mechanisms is essential for optimizing surfactant removal. Furthermore, the removal of
surfactants in microalgae-bacteria systems, and understanding the roles of both

microorganisms, requires further exploration.

Among the operational parameters tested in this study, CO2 supplementation stands out for
enhancing carbon availability, optimizing pH for microalgae growth, and preventing nutrient
loss processes such as ammonia volatilization and phosphate precipitation at high pH levels
(Uggetti, Sialve, et al., 2018). pH control, whether through CO; supplementation or direct
acid addition, is a critical parameter, as it not only regulates nutrient availability and CO2
solubility for algal growth, but also influences microbial enzymatic activity and the solubility
of environmental micropollutants, thereby enhancing overall treatment efficiency (Shahid,
Malik, et al., 2020). Additionally, atmospheric air injection supports aerobic microbial
processes, promoting microalgae development, organic matter degradation, and improving

overall treatment efficiency (Ruas, Farias, et al., 2023; Dammak, Fersi, et al., 2023).

Additionally, the study evaluated the addition of a carbon source to promote cometabolism,
which can improve the degradation of recalcitrant compounds (Macedo, Okada, et al., 2015;
Motteran, Nadai, et al., 2018). Other key parameters included the integration of an anoxic

system to facilitate denitrification and anaerobic degradation pathways, as denitrifying
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bacteria can degrade xenobiotic compounds by coupling their metabolism to nitrogen
reduction (Andrade, Sakamoto, et al., 2017). Integrated anoxic-aerobic photobioreactor
systems have proven to be effective in removing emerging pollutants, enhancing
denitrification processes and photosynthetic oxygenation, which in turn support

biodegradation as a key mechanism (Lopez-Serna, Posadas, et al., 2019).

These parameters are critical for optimizing system performance, ensuring stability, efficien-
cy, and scalability for large-scale applications. Thus, the objective of this work was to deter-
mine the influence of culture type (microalgae and/or bacteria), organic carbon addition, an-
oxic-aerobic operation, pH control, and CO; and atmospheric air supplementation to identify

the optimal conditions for anionic surfactant removal in a microalgae-bacteria system.
MATHERIAL AND METHODS

Synthetic wastewater and microalgal-bacterial inoculum

To ensure consistency in composition, synthetic sewage was utilized as the matrix. It was
prepared using tap water and had the following composition (in g L'!): peptone (0.16), meat
extract (0.11), urea (0.03), NaCl (0.007), CaCl;:2H,O (0.004), K;HPO4 (0.028),
MgSO4-7H20 (0.002), CuCl2-:2H>0 (0.000005), glucose (0.25), and NaHCOs3 (1.1) (Frutos,
Quijano, et al., 2016). The surfactant Linear Alkylbenzene Sulfonate (LAS) was added at a
concentration of 20 mg L™!, determined based on the average levels quantified in the literature
for domestic wastewater (Pirsaheb, Khamutian, et al., 2014; Serejo, Farias, et al., 2020). This
concentration was preliminarily tested to compare degradation performance with other
concentrations and was prepared using a 70% Dodecylbenzene Sulfonic Acid reagent.
(Aldrich). The average composition of synthetic sewage is presented in Table 2-1 ((Frutos,

Quijano, et al., 2016; Ruas, Lopez-Serna, et al., 2022).

Table 2-1 - Physical-chemical characterization of the synthetic wastewater.

Parameter Unit Value
Surfactant mg L 20+0.5
COD mg L-1 529+ 22
TOC mg L-1 256 +£23
IC mg L' 179 + 16

TN mg L 54+3
N-NH4* mg L-1 47+43

P-PO4*" mg L 12+3

pH - 82+0.1
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The microalgae used in this experiment were sourced from an outdoor High Rate Algal Pond
(HRAP) treating domestic wastewater, with a total suspended solids (TSS) concentration of
7.1 g L', They were then adapted in a glass bottle containing synthetic sewage. They were
subsequently acclimated in a glass flask containing synthetic sewage, aerated with
compressed air, and magnetically stirred at 200 rpm under a 16:8 h light-dark cycle.
Illumination was provided by a LED reflector (100 W cold white), emitting = 597 uE.m2 s\,
At the end of the acclimation period, Scenedesmus sp. was identified as the predominant
species, with an initial TSS concentration of 6.3 g L™!. The nitrifying-denitrifying bacteria
(TSS = 7.7 g L™!) were obtained from aerobic activated sludge collected from a municipal

wastewater treatment plant (WWTP).

Experimental conditions

Initially, the system consisted of cylindrical continuous stirred-tank (CSTR) photobioreactors
(PBRs), each constructed from acrylic, with a working volume of 3.0 L. Illumination was
provided by a 100 W cold white LED reflector, delivering an average light intensity of
~ 597 uE m? s with a photoperiod of 16:8 hours light:dark, as shown in Figure 2-1. The
PBRs were inoculated with a consortium of pre-adapted microalgae and nitrifying-
denitrifying activated sludge. The system operated in batch mode, with continuous agitation
maintained by a mechanical mixer at 200 rpm, promoting optimal contact between the

microorganisms and wastewater.

Synthetic
wastewater

Mechanical agitator —
200rpm

_E pH,dissoveld 3
— | oxygen and !
| temperatures |

LED light - 100 W
16:8-h =597 pE.m?s’

Figure 2-1 - Initial experimental configuration of CSTR type reactor operated in batch and fed with
synthetic sewage.
To identify the optimal conditions for reactor performance in surfactant removal, four bench-

scale tests were conducted, as detailed in Figure 2-2. These tests were specifically designed to
evaluate the impact of different operating parameters and cultivation conditions on the

efficiency of surfactant removal from domestic wastewater. Each experimental setup aimed to
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isolate and assess a key factor, such as microbial composition, carbon source addition, pH
control, and aeration strategy, providing a comprehensive understanding of their individual

and combined effects on treatment performance.
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Figure 2-2 - Description of the four tests that were performed under different operating conditions and
cultivation regimes in continuous stirred-tank reactors (CSTR) within a microalgae—bacteria system.

Test 1 - Variation of Cultivation conditions

In this section, we investigated how varying cultivation conditions influence the performance
of the microalgae-bacteria system in the removal of anionic surfactants, with the aim of better
understanding the roles of microalgae and bacteria under different conditions. Each PBR was
inoculated with distinct combinations: microalgae only (exposed to both light and dark
conditions), microalgae and bacteria, bacteria only (also under both light and dark conditions),
and a control group without inoculum (subjected to light and dark conditions as well), as

presented inFigure 2-2.

Operating Conditions Tests

Test 2 - Addition of carbon source for analysis of microalgae cometabolism

This test was designed based on studies highlighting the potential of microalgae
cometabolism in the removal of micropollutants, facilitated by the excretion of extracellular
polymeric substances and other enzymes (Phong Vo, Ngo, et al., 2020; Tran, Urase, et al.,
2013). To evaluate this phenomenon, glucose (CsHi2Os) was added as a carbon source at a
concentration of 300 mg L™!, given its prominence as a cosubstrate for this purpose (Phong

Vo, Ngo, et al., 2020).
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Test 3- Integration of an anoxic reactor into the system

In this phase, an anoxic reactor was connected to the CSTR reactor to evaluate its influence
on surfactant removal, as well as to assist in nitrogen removal through denitrification and
promote the development of a microalgae population with higher sedimentation rates (Garcia,
Alcantara, et al., 2017). The experimental setup is illustrated in Figure 2-3. The anoxic
reactor, with an effective volume of 1 L, was kept in complete darkness. The culture broth
from the CSTR was continuously recirculated to the anoxic reactor at a flow rate of 0.48 L d’!

(Watson Marlow 505U peristaltic pump, UK), returning to the CSTR by gravity.

Synthetic —
wastewater

Liquid recirculation pump

Mechanical agitator
200 rpm

Anoxic reactor

N ——

Magnetic stirrer - 200 rom

LED Light

Figure 2-3 - A schematic diagram of the test phase for the integrated anoxic-aerobic system.

Test 4 - Assessment of pH control and CO; and O; supplementation

In this test, the system's performance was assessed under controlled pH conditions: the pH
was maintained within the range of 7.0-7.5. In reactor MBpH, this was done by adding 37%
hydrochloric acid. In reactor MBCO2, the treatment efficiency was evaluated using CO>
supplementation. CO> was supplied using a synthetic gas mixture composed of N> (70%) and
COz (30%) (White Martins, Brazil), injected at a flow rate of 11.27 ml min™!, corresponding to
2.24 L d! of carbon dioxide (Watson Marlow 505U feed pump, UK). A third reactor, MBO2
was kept aerated, with a continuous supply of atmospheric air at a rate of 20.7 L d!' (Sarlo

Better pump, Brazil).

Sampling and Analytical Procedures

The pH was monitored continuously throughout the experiment, while dissolved oxygen
(DO), temperature, and turbidity were measured daily to ensure stable operating conditions.
Surfactant analyses were performed daily during the stationary phase of microalgae growth,

as this stage represents the period of maximum metabolic activity and potential
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biodegradation. Consistent monitoring of these parameters was essential for assessing system
performance and identifying correlations between environmental conditions and surfactant

removal efficiency.

All analytical procedures followed the guidelines set forth in the Standard Methods for the
Examination of Water and Wastewater (APHA, 2017). Light intensity was measured using a
PAR MQ-200 radiation meter (Apogee Instruments, USA). DO and pH measurements were
taken with Hanna HI2004-01 and HI2001-01 bench meters, respectively (Hanna Instruments,
USA). Turbidity was assessed using a Hanna HI 98703-01 turbidimeter (Hanna Instruments,
USA). Microalgae identification was performed through microscopic examination (Olympus
BX41, USA), with samples fixed in 5% Lugol's solution and stored at 4 °C prior to analysis,
following the methodology of Sournia (1978).

Analysis of anionic surfactants was carried out using a simplified procedure developed by
Jurado, Fernandez-Serrano, et al. (2006). The method involves adding 5 mL of the sample to a
glass tube, followed by the sequential addition of the following reagents: 2 drops of
phenolphthalein, 200 pL of Na;B4O7-10H20 buffer solution, 100 uL of methylene blue, and 4
mL of chloroform. The mixture is then vigorously shaken for 1 minute and refrigerated for 1
hour. The final step involved measuring the absorbance at A =652 nm using a DR 3900
spectrophotometer (Hach, Germany), with results interpreted based on a pre-established
calibration curve. Biomass growth rates (mg TSS L™ d') were determined by calculating the

slope of total suspended solids (TSS) plotted against time.

Statistical analysis

Statistical analysis of the data was performed using the R project software (https://www.r-
project.org/). The normality of all the data sets was checked using the Shapiro—Wilk test, and
the comparison of means was conducted by analysis of variance (ANOVA) followed by the
Tuckey hypothesis test, at a 95% confidence level. In. Pearson correlation analysis was also
employed to assess the influence of environmental parameters on the observed removal

efficiencies.
RESULTS AND DISCUSSION

Surfactant removal efficiencies
Cultivation Conditions
The highest removal efficiencies were achieved under the MB and BD conditions, reaching

76 = 7% and 76 = 13%, respectively, as shown in Figure 2-4 (left). These values, particularly
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for the BD condition—where only bacteria were inoculated under dark conditions—
underscore the significant role of bacteria in surfactant degradation. The bacterial removal
mechanism involves breaking down the surfactant's molecular properties, utilizing its
degradation products as a source of carbon and energy for microbial metabolism (Aloui,

Kchaou, et al., 2009).

The efficiency observed under the MB condition, where both microalgae and bacteria were
present, suggests a synergistic effect likely driven by the complementary metabolic activities
of these microorganisms (Pandey, Katam, et al., 2020). In this combined setup, microalgae
may have enhanced bacterial activity by providing oxygen and organic substrates as
byproducts of photosynthesis, fostering an environment that promotes bacterial breakdown of
surfactants. This symbiotic interaction between microalgae and bacteria appears to be a key
factor, amplifying the overall removal efficiency compared to conditions where each
microorganism acted independently. Katam, Shimizu, et al. (2020), when evaluating the
performance of trickling filters, compared LAS and caffeine removal under light and dark
conditions, emphasizing the benefits of algal-bacterial symbiosis, where microalgal activity
enhanced bacterial processes, achieving up to 99% LAS removal under light conditions with

these inocula.

Reinforcing these findings, Figure 2-4 (right) illustrates faster degradation in the MB
condition, showing a marked decline after the third day, contrasting with observed in the BD
condition, which exhibited a longer degradation time. This behavior aligns with findings from
Serejo, Farias, et al.(2020), who observed a significant reduction in surfactant concentrations,
from 1.5+03mgL™" to 0.3+0.1 mg L™, after 24 hours of treatment using a microalgal-
bacterial process in domestic wastewater. Wang, Liu, et al. (2023), reported comparable
differences in the speed of surfactant removal when comparing the performance of algal-
bacterial aerobic granular sludge with bacterial aerobic granular sludge for treating
wastewater containing surfactant (SDS). Their study demonstrated significant removals of
SDS at both low and high concentrations, achieving approximately 98% removal within 90

minutes.

Under MD conditions, removal efficiency of 55 + 4 demonstrated the ability of microalgae to
perform heterotrophic degradation. Although typically associated with photosynthetic
activity, microalgae can adapt to mixotrophic or heterotrophic pathways in the absence of
light, utilizing organic carbon sources present in wastewater (Nirmalakhandan, Selvaratnam,

et al., 2019). This metabolic flexibility allows them to directly degrade surfactants or enhance
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their removal by assimilating intermediate byproducts generated during biodegradation.
Supporting this, Hena, Abida, et al. (2015), demonstrated the high efficiency of facultative
heterotrophic microalgae in removing surfactants and nutrients from municipal wastewater,
with strains such as Scenedesmus sp., Chlamydomonas sp., and Chlorella sp. achieving

removal rates exceeding 90%.

The results observed under the microalgae condition with light exposure were no longer
significant, showing a removal efficiency of 46 + 8%. This suggests that the efficiency is
higher in the absence of light when microalgae are used as the sole inoculum. In a study by
Pandey, Katam, et al. (2020), higher removal efficiencies were achieved, reaching up to 94%
of LAS removal in green microalgae cultivated in three different system types while treating
laundry wastewater, similar to the 95% removal observed under the condition with a

combined inoculum of green microalgae and activated sludge.

The significant LAS removal observed under anaerobic conditions (MD and BD) underscores
the potential of anaerobic processes to degrade surfactant, addressing gaps in the
understanding of its environmental fate under such conditions, as documented in the literature
(Camacho-Mufioz, Martin, et al., 2014; Mungray and Kumar, 2008; Palmer and Hatley,
2018). Under anaerobic conditions, LAS degradation depends on alternative electron
acceptors such as sulfate, nitrate, or carbonate and can occur under specific conditions, such
as sulfur limitation, thermophilic environments, or the use of nitrate as an electron acceptor,
but it is often limited by adsorption in anaerobic sludges rather than true biodegradation.

(Zhu, Ma, et al., 2018; Mungray and Kumar, 2008)

Motteran, Nadai, et al., (2018), valuated LAS degradation in a fluidized bed reactor with a
diverse microbial consortium, using ethanol and nonionic surfactants as co-substrates,
highlighting metabolic interdependence where byproducts like sulfonate groups supported
versatile microorganisms. Similarly, Askari, Vahabzadeh, et al.( 2021), observed that LAS
degradation under anaerobic conditions likely follows a distinct pathway starting with a
hydrolytic phase, followed by beta-oxidation, desulfonation, and benzene ring cleavage,

resembling anaerobic digestion stages.

In the condition with only wastewater and no inoculum of bacteria or algae, the system was
unable to remove surfactants, with 7 £ 7%. This result underscores the critical role of
microbial inocula in the degradation process. In wastewater treatment, bacteria and algae
serve as key agents in breaking down organic pollutants, including surfactants. A condition

consisting of only wastewater under light exposure was also tested to evaluate whether
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surfactant removal could occur via photodegradation. However, on the 6th day of the
experiment, microalgae growth began to occur, compromising the maintenance of this
controlled condition. It is noteworthy that, up to the day prior to the contamination, surfactant
removal was insignificant (3 £4%), indicating that photodegradation was not a relevant
mechanism for surfactant removal in this system. Similar results were observed by Hua, Li, et
al. (2012), who investigated LAS degradation in laboratory batch experiments with light and

natural biofilms, revealing that direct photolysis played a negligible role in its removal.
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Figure 2-4 - Left: Surfactant removal efficiency percentages in the cultivation variation stage
represented by their mean values and standard deviations (n=4). Means followed by the same letter do
not differ statistically; Right: Temporal evolution of surfactant concentrations (LAS) in the different
culture conditions studied (n=12).

Operational Conditions

Results highlighted the MBO> condition, characterized by the combination of microalgae and
bacterial inoculation with an atmospheric air supply, which achieved the highest removal
efficiency of 96 &+ 1%, as illustrated in Figure 2-5 (left). This condition also demonstrated
faster degradation, with LAS concentrations significantly decreasing by the fourth day of
cultivation and stabilizing at 0.6 mg L' from the tenth day onward (Figure 2-5, right). While
this performance was outstanding, similar removal efficiencies were observed in the MBpH
condition (85 + 12%) and the MBCO: condition (80 + 10%), with no statistically significant
difference between them (p > 0.05).



60

100
90 A

80 -
70 - I
60 -

50 - I

40
30 A
20 A
10 4

Surfactant removal (%)
(]

Surfactant (mg L)

MB-Anx  MBcarbon MBO2 MBCO2 MBpH 14

Operational conditions

Time (d)
-8 - MB-anx —'—MBcarbon --®- MB02 --4---MBCO2 —&— MBpH

Figure 2-5 - Left: Surfactant removal efficiency in percentage at varying operating conditions stage
represented by their mean values and standard deviations (n=6). Means followed by the same letter do
not statistically differ; Right: Time courses of the concentrations of surfactant (LAS) in the different
culture conditions studied (n=12).

CO: supplementation and atmospheric air injection is commonly used in microalgae-based
systems treating domestic wastewater to supply carbon, maintain neutral pH, and prevent
ammonia toxicity and phosphorus precipitation (Park and Craggs, 2010). It has also been
explored to enhance the removal of pollutants such as nutrients, pathogens, and
micropollutants (Ruas, Farias, et al., 2022; Ruas, Farias, et al., 2023; Posadas, Morales, et al.,
2015; Matamoros, Uggetti, et al., 2016). In this study, CO2/O; supplementation had a
significant impact, but the similarity with the MBpH condition indicates that it was related to

pH control in the medium.

The pH was identified as the parameter most strongly correlated with surfactant removal
(Spearman’s correlation coefficient p =-0.7905, p-value =0.1114), showing a negative
association. This indicates that surfactant removal was more effective under lower pH
conditions, as observed in treatments such as MBO2, MBCO», and MBpH (Table 2-2). Acidic
conditions are known to enhance the metabolic activity of microorganisms, promoting
pathways that facilitate surfactant degradation. The surfactant degradation process itself
contributes to pH reduction through the generation of protons (Askari, Vahabzadeh, et al.,
2021). Despite this, the pH in these conditions did not drop excessively due to the autotrophic
activity of microalgae, which tends to increase the pH of the medium (Wang, Liu, et al.,

2023).

In the condition with the carbon source treatment yielded a lower removal efficiency of
55 + 7%, highlighting that, for our study, the addition of an organic carbon source was not the
most effective condition tested. In contrast, Phong Vo, Ngo, et al. (2020), observed an

increase in efficiency, demonstrating that the addition of selective sole carbon sources in the
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presence of micropollutants enhanced extracellular polymeric substances (EPS) and enzyme
(superoxide dismutase and peroxidase) production by 2 to 100 times compared to carbon
sources alone, resulting in significantly improved micropollutant removal by microalgae.
Additionally, (Macedo, Silva, et al. (2019), investigated the use of ethanol as an organic
carbon source for LAS degradation and found that its addition favored a smaller decrease in
the specific substrate utilization rate, even at LAS concentrations typically considered

inhibitory (>14.4 mg L"), achieving up to 98.8% LAS removal efficiency.

Finally, the results obtained for the combined anoxic-aerobic algal-bacterial system
demonstrate that, although initially designed to enhance nutrient removal, this reactor
configuration also shows significant potential for removing other pollutants, including
surfactants. The system achieved an overall removal efficiency of 66 + 9%, highlighting its
effectiveness in pollutant degradation. Comparable removal efficiencies were observed under
the MBCO: and MBpH conditions, with no statistically significant differences between them
(p > 0.05), indicating that both aerobic and anoxic phases contribute effectively to the overall
removal process. This dual-phase setup facilitates diverse microbial metabolic pathways,
enhancing the system’s versatility for broader pollutant removal beyond nutrients alone.
Andrade, Sakamoto, et al. (2017), further demonstrated that an anoxic system utilizing
ethanol as a co-substrate and nitrate as an electron acceptor achieved 99.9% LAS removal in
batch reactors, underscoring the critical role of these factors in promoting degradation by

denitrifying microorganisms.

Environmental and operational conditions, COD removal efficiency and Productivity

The varying cultivation and operational conditions resulted in distinct pH ranges across the
photobioreactors (PBRs), as illustrated in Table 2-2. As anticipated, the highest pH values
were recorded in reactors where microalgae were exposed to light, attributable to CO> uptake
during photosynthesis. Under the tested operational conditions, the introduction of CO>
(MBCO3) and oxygen (MBO:) did not yield significant differences in pH regulation. In
contrast, the MBpH condition, which involved the direct addition of acid, successfully
maintained the pH within the optimal range of 7.0 to 8.0, demonstrating its effectiveness in

pH control.

Regarding dissolved oxygen, it was observed that under the ML condition, inoculated solely
with algae and without bacteria to consume oxygen, concentrations were comparable to those
in the MB condition, which included both microorganisms. Generally, conditions with both

algae and bacteria exhibited higher average dissolved oxygen levels due to the combined
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effects of algal photosynthesis and bacterial metabolic activity influencing oxygen dynamics
in the medium. However, the MBO> condition displayed lower concentrations, maintaining
oxygen levels at 7.0 £ 1.0 mg L!. Similarly, Ruas, Farias, et al. (2023), observed reduced
dissolved oxygen levels under cultivation conditions supplemented with atmospheric air and

COg, attributing this decrease to the stripping of Oz from the growth medium.

The results for organic matter removal under the tested cultivation conditions highlight the
significant role of bacterial activity in oxidation processes. Notably, the best performance was
observed under light-absent conditions, emphasizing the contribution of bacteria in these
scenarios. The strong positive and linear correlation between surfactant removal and organic
matter degradation (Spearman’s correlation coefficient p =0.6668, p-value =0.2189)
reinforces the role of heterotrophic bacteria in the simultaneous removal of both pollutants.
This correlation was identified by Haggensen, Mogensen et al. (2002), during their study on
the anaerobic degradation of LAS in CSTR reactors, where they observed an apparent
relationship between the extent of organic matter degradation and the anaerobic
transformation of surfactants. Additionally, statistically similar removal efficiencies were
achieved in the MD condition, suggesting that the heterotrophic activity of microalgae also

contributed to the degradation process (Mohsenpour, Hennige, et al., 2021).

Regarding organic matter removal under the tested operational conditions, the highest
efficiency was observed in systems with CO2/O2 supplementation and MBpH conditions,
achieving COD removal efficiencies (COD-RE) of 78+ 1%, 83+ 1%, and 87 £ 1%,
respectively. These results suggest that pH played a critical role in influencing the outcomes,
likely by enhancing bacterial activity. In contrast, the lowest performance was recorded under
the organic carbon supplementation condition, which achieved only 58 + 1% COD- RE. Ruas,
Serejo, et al. (2021), also reported enhanced COD removal of approximately 95% in
microalgae-bacterial photobioreactors (PBRs) with aeration and CO2 supplementation, as the
addition of CO» lowered the pH, creating a more favorable environment for both microalgae

and bacteria.



63

Table 2-2 - pH value, dissolved oxygen concentration, temperature, productivity, and chemical oxygen
demand (COD) removal achieved under the tested cultivation and operational conditions

DO Temperature Productivity COD -

Condition pH RE
mg L! °C mg L' d?! %
Cultivation conditions
ML 108+1.2 9.5+26 33+3 95+ 0.1 506
MB 10.7+1.3 11.3+£3.9 34+3 101 £0.5 61+t4
MD 83+£03 10=x1.5 29+2 5+£3 98 + 1
BD 83+£03 27+18 2942 29+0.2 88+2
WWD 7508 13+20 2942 20+ 0.6 17+1
Operational Conditions
MB-anx 10.6+1.4 13.7+£6.5 33+2.6 65+2 68+ 1
MBcarbon 10.5+14 11.3+35 33+£25 812 58+1
MBO; 98+12 7.0+1.0 33+3.1 125+1 83+ 1
MBCO; 971 149+52 33+3.1 126 +1 78 + 1
MBpH 74+04 10.8+4.8 33+3.1 77+2 87+ 1

Among the evaluated cultivation conditions, the highest biomass productivity
(101 +2mgL*d"') was observed in the microalgae-bacteria system, highlighting the
potential of synergistic interactions in optimizing biomass production. Ji, Jiang, et al. (2018),
reported a similar trend, observing that the peak chlorophyll-a concentration in a microalgae-
bacteria inoculum (1:3) was twice as high as in isolated microalgae cultures, possibly due to
bacterial induction of substances that stimulate the expression of genes involved in

chlorophyll metabolism.

Although not optimal, the MBCarbon condition exhibited an increase in biomass growth with
the addition of an external organic carbon source, reaching 81 £2 mg L' d™'. The highest
productivity results, however, were achieved under conditions with CO2/O2 supplementation,
yielding values of 125+ 1 mgL'd " and 126 = 1 mg L' d, respectively. This increase was
also observed by Ruas, Farias, et al. (2023), in an experiment investigating the influence of
microalgal strains (Chlorella vulgaris and Scenedesmus acutus Meyen) and the addition of
CO2 and O; on domestic wastewater treatment. The study reported significantly higher
productivity under conditions with such supplementation, attributed to the enhanced

photosynthetic capacity and carbon fixation rates of these microalgal species.
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CONCLUSIONS

This study demonstrated the effectiveness of different inocula and operational conditions in
enhancing surfactant and organic matter removal in domestic wastewater treatment. The
highest surfactant removal efficiencies were achieved under the MB (microalgae-bacteria)
and BD (bacteria-only) conditions, reaching 76+ 7% and 76+ 13%, respectively,
highlighting the critical role of bacterial activity in surfactant degradation. The synergistic
interaction between microalgae and bacteria in the MB condition further amplified removal
efficiency, as microalgae provided oxygen and organic substrates that enhanced bacterial
metabolic activity. Conversely, the lowest performance was observed under conditions with
organic carbon supplementation, achieving only 55 + 7% removal, indicating that carbon

addition was not the most effective strategy in this context.

The operational conditions, particularly those involving CO2/O: supplementation and pH
control (MBpH), also played a pivotal role in optimizing pollutant removal. The MBO>
condition, combining microalgae and bacteria with atmospheric air supply, achieved the
highest surfactant removal efficiency of 96 + 1%, with rapid degradation observed by the
fourth day. The strong negative correlation between pH and surfactant removal further
underscored the importance of pH control in enhancing microbial activity and degradation
pathways. Additionally, the combined anoxic-aerobic algal-bacterial system demonstrated
significant potential for simultaneous nutrient and surfactant removal, achieving an overall
efficiency of 66 = 9%. Conversely, the lowest performance was observed under conditions
with organic carbon supplementation, achieving only 55 + 7% removal, indicating that carbon

addition was not the most effective strategy in this context.

Organic matter removal was most efficient under CO2/O> supplementation and MBpH
conditions, with COD removal efficiencies of 78 + 1%, 83 + 1%, and 87 + 1%, respectively.
These results reinforce the importance of pH regulation and bacterial activity in optimizing
wastewater treatment processes. Biomass productivity was also highest under CO2/O-
supplementation, yielding values of 125+ 1 mg L' d"' and 126 £ 1 mg L' d”!, attributed to

enhanced photosynthetic capacity and carbon fixation rates of microalgae.
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CHAPTER 3 :

3.1 EVALUATION OF THE EFFECT OF THE FEEDING REGIME ON THE

REMOVAL OF PATHOGENS IN MICROALGAE-BACTERIAL SYSTEMS?#4%
ABSTRACT

Mixed microalgae-bacteria cultures in HRAPs are used for the treatment of effluents, a technology
that has stood out with excellent results, as reported in the literature. However, investigating these
systems in more depth can improve our understanding of the removal mechanisms for a wide range of
existing and emerging pollutants, and help improve the guidelines for design and operation, in order to
improve the treatment efficiency as well as biomass productivity. This work studied the impact of the
feeding regime on the removal of pathogens from primary domestic wastewater in High Rate Algal
Ponds (HRAPs). For this, one reactor was fed continuously (HRAP;) while two reactors were fed in
semi-continuous mode, during 12 h d!' (HRAP,) and 0.1 h d' (HRAP;). For E. coli were reached in
the semi-continuously fed reactors, there was no significant difference between the conditions studied.

On the other hand, for biomass productivity, the semi-continuous feeding regime was more
advantageous with a growth of = 22 mg L' d'\.
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INTRODUCTION

Microalgae bacterial processes, such as those commonly used in High Rate Algal Ponds
(HRAPs), have shown to be, when compared to conventional treatments, a promising
technology. This system has stood out because it is able to effectively and economically
remove many types of pollutants, including metals and pathogens, the focus of this study. One
of the main advantages of these systems is the potential to recover resources - water, energy,
and nutrients - as they generate biomass as a product that can be used in the production of
fuels, fertilizers, and biogas, promoting sustainability and enhancing the application of the
circular economy (Mufioz and Guieysse, 2006). Life-cycle assessment (LCA) studies show
that HRAPs coupled with the production of biofertilizer or biogas, when compared to typical
small-sized activated sludge system, is potentially of lower environmental impact for

categories such as climate change and fossil fuel consumption (Arashiro et al., 2018).

In HRAP reactors, in addition to other types of interactions, there is a symbiosis between
microalgae and bacteria, which is a cooperative type of interaction among many other
complex interactions, established between these types of microorganisms. The bacteria use Oz
to convert organic matter into CO2, among others, while the microalgae consume this CO»
and the nutrients present for photosynthesis, producing O» and biomass (Mufioz and Guieysse,
2006). Thus, the process decreases energy costs and carbon footprint of wastewater treatment,

while fixing nutrients in biomass (Garcia et al., 2018).

Among the pollutants present in sewage, pathogens, including a wide variety of bacteria,
viruses, helminth eggs, and protozoa, are responsible for numerous diseases of oral-fecal
transmission and represent a significant hazard associated with sewage, and one of the main
functions of wastewater treatment is reducing this hazard (Curtis, 2003). The ease and low
cost of quantification of the Escherichia coli bacteria, as well as the reliability of this method,
make this one of the main indicator organisms for the presence of fecal material from warm-
blooded animals and pollution by wastewater, considered more specific than total and fecal

coliforms (Liu et al., 2020).

In addition to the symbiotic biodegradation mentioned before, the removal of pollutants in
microalgae-bacteria systems can occur through other mechanisms as well. In the case of
pathogens, their deactivation and consequent disinfection can happen by photo-oxidation, the
effect of constantly fluctuating environmental conditions such as pH and temperature, and as

a result of the presence of bactericidal substances produced by microalgae (Chambonniere et
al., 2021).
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Several researchers already obtained good results considering pathogen in HRAPs. Among
the operational conditions, it is already known that factors such as pH, temperature, and
dissolved oxygen are crucial for the removal of these pollutants in these systems (Couto et al.,
2015; Mufioz and Guieysse, 2006). As the removal mechanisms are complex, involving many
factors, conducting studies under real-life conditions is fundamental to optimize the treatment

through these types of processes.

An important parameter that can influence the cost and quality of treatment in HRAPs is the
feeding regime, with both continuous and semi-continuous cultivation being used in larger-
scale applications (Lu et al., 2021). Although in batch systems sometimes more concentrated
biomass may be obtained, they are limited to bench-scale applications due to the periodic
need to prepare new cultures at low volumes. (Do et al., 2020). A semi-continuous feeding
regime has the potential to increase productivity while reducing costs (Pereira et al., 2020),
therefore potentially increasing the efficiency of pollutant removal. However, for both
continuous and semi-continuous systems, results may depend on the feeding rate applied, as
stability in the growth of algae cultures needs to be ensured to maintain the treatment capacity
(Do et al., 2020). In this context, this work aimed to study the influence of the feeding regime
- continuous or semi-continuous - on the removal of metals and pathogens (Escherichia coli)
from primary domestic wastewater, using three HRAP-type reactors in parallel, of which one

fed continuously, and the other two semi-continuously.
MATERIALS AND METHODS

Microorganisms and domestic wastewater

A microalgae culture (= 98% predominance of individuals of the gender Scenedesmus sp.)
with 1.4 g L! of total suspended solids (TSS), originating from an outdoors HRAP used for
the treatment of domestic wastewater was used as inoculum. Scenedesmus sp. stands out as
one of the most important microalgae genera that naturally predominate in HRAP treatment
systems due to its fast growth and high resistance characteristics (Mufioz and Guieysse,
2006). The reactors were also inoculated with a nitrifying-denitrifying activated sludge from a
wastewater treatment plant (WWTP) treating domestic wastewater, with 4.2 gTSS L. The
system was fed with primary domestic wastewater (PDW) collected from a municipal WWTP
and stored at 4°C in a cooled agitated storage tank (Implemis, Brazil). The average
concentrations of the microbiological and physico-chemical properties of the influent are

summarized in Table 3-1.
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Table 3-1 - Physical-chemical and microbiological characterization of the primary domestic

wastewater.
Parameter Unit Value
pH - 8.0+0.1
Chemical oxygen demand (COD) mg O, L! 127 +11
Total organic carbon (TOC) mg C L' 119+9
Inorganic carbon (IC) mg C L' 53+11
Total organic nitrogen (TN) mg N L! 66+15
Ammonium nitrogen (N-NH4")  mg N-NH4"L"! 20+5
Total phosphorus as P-POs* (TP) mg P-PO4*L-! 6.1£0.4
C:N:P - 28/14/1
C/N 2
Escherichia coli MPN 100 mL"' (2.5+1.3)x 10°

MPN: most probable number.

Experimental setup

The experimental setup, a small pilot scale system, consisted of three outdoors reactors
(HRAP;, HRAP, and HRAP3), of 20 L each, with 0.32 m? of illuminated area and 16 cm
culture depth. Continuous agitation of the HRAPs was maintained by a submersible pump
with a nominal flow rate of 650 L.h'! (Sarlo Better B650, Brazil), resulting in a recirculation
velocity of 20+ 2 cm s (Ruas et al., 2020). Hydraulic tests prior to the operation of the
systems ensured that there were no dead zones or hydraulic short circuits throughout the
entire extension of the reactors, including the inlet and outlet devices. The study was
conducted at the Federal University of Mato Grosso do Sul (Campo Grande-MS, Brazil) for
36 days, at = 29°C.

Operational conditions and sampling

To assess the influence of the feeding regime, reactor HRAP; was fed continuously, while
HRAP; and HRAP; were fed in a semi-continuous regime. HRAP, was fed 12 h per day
(between 09:00 and 21:00) while HRAP3 was fed 0.1 h per day (between 09:00 and 09:06).
Only for reactor HRAP3, in order to avoid short-circuiting, when applying the daily feed of
influent, a waiting time of 5 minutes was applied, before the excess liquid was drained from

the reactor. The same HRT of 7 days was applied to all three reactors.

Samples of feed, cultivation broth, and effluent were collected three days per week, at 09:10

(T1) and 16:00 (T2). Turbidity, pH, dissolved oxygen (DO), temperature, and light intensity
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were determined in samples T1 and T2 of the culture broth. E. coli was also determined at
both collection times from the feed and the effluent. T1 samples (feed and effluent) were also
used to determine soluble concentrations of chemical oxygen demand (COD), total organic
carbon (TOC), inorganic carbon (IC), total organic nitrogen (TN), ammonium nitrogen (N-
NH4"), nitrite nitrogen (N-NO>"), nitrate nitrogen (N-NO3"), total phosphorus as P-PO4>* (TP),
and metals. For these analysis of dissolved compounds, the samples were previously filtered

with 0.45 um glass fiber filters.

The applied semi-continuous feeding regime approximates the chemostat culture method
(keeping the culture volume constant, adding culture medium at a constant rate), and therefore
the systems reach a quasi-steady state (Boraas 1993). The steady state was determined based
on graphical and numerical analysis of the physico-chemical parameters (pH, DO, TSS, etc.)
and nutrient removals (P and N), being reached when the variation (dX=dt) of most monitored

concentrations tended to zero (Ruas et al. 2022).

Analytical procedures

Analyses were performed according to Standard Methods (APHA, 2017). Light intensity
(Photosynthetically Active Radiation - PAR), was determined using a PAR MQ-200 radiation
meter (Apogee instruments, USA). Concentrations of TOC, TC, IC, and TN were determined
using a Vario TOC cube (Elementar, Germany) organic carbon analyzer. Turbidity, DO and
pH were measured using Hanna HI98703-01, Hanna HI2004-02 and Hanna HI2002-02 bench
meters, respectively (Hanna instruments, USA). N-NH4" was measured using an Orion Five
Star (Thermo Scientific, USA) multiparameter analyzer with ammonia electrode. Anions (N-
NOs, N-NO> and P-PO4*") were analyzed using a Dionex UltiMate ICS 1100 ion
chromatograph with an IonPac AG19/AS19 column (Thermo Scientific, USA). Microalgae

were identified through microscopic examination (Leica DM5500B, Germany).

Escherichia coli was determined using Colilert® quantification kits (IDEXX Laboratories,

USA), and the results were reported as E. coli Most Probable Number (MPN) per 100 mL.

Data analysis and statistical treatment
The Removal Efficiency in % (%RE) was calculated from concentrations in feed and effluent
according to equation 1, while the uptake capacity (q, in mg g!) of each metal by microalgae

was determined using equation 2:

cC.-C
%RE={M].]00
f

inf

(M



74

_ V(Cmf -
7= M

Cy)

In both equations, Cinr and Cesr are influent and effluent concentrations (mg L) respectively,

V is the working volume of the reactor (L), and M is the dry weight of the culture biomass

()

E. coli removal was quantified as logio reduction values (LRV), calculated from the difference
between the logio concentrations (E. coli logio MPN 100 mL™) in influent and effluent. The E.
coli decay rates K (d!), were calculated using the regression line of the first order decay

equation (Pereira, Dassoler, et al., 2020):

. log(N,)-log(N,)
HRT
Where Ny and N are the E. coli MPNs for influent and effluent, respectively, and HRT is the

hydraulic retention time (d).

Statistical analyses were performed using version 3.2.2 of the R statistical software. The
normality of all the data sets was checked using the Shapiro-Wilk test, and the comparison of
means was conducted by analysis of variance (ANOVA) followed by the Tuckey hypothesis
test, at a 95% confidence level. In the case of normal distribution, Pearson's Correlation was
used to verify the influence of environmental parameters on the removals obtained.

Otherwise, Spearman's rank correlation was used.
RESULTS AND DISCUSSION

Environmental conditions and biomass growth

During the experiment, temperatures and evaporation losses for all three reactors were similar
at =27°C and =0.9Lm?2d"', respectively (Table 3-2). The average PAR
(1083 £ 490 uE. m? ') was similar to the 1087.3 + 697.6 uE. m™ s™! reported by Couto et al.
(2015) for an experiment under outdoor conditions with a local climate characterized as

tropical altitude.

With continuous feeding, the pH at T1 (morning) was 8.6 = 0.5, while in the reactors with
semi-continuous feeding, HRAP,, and HRAP;, had similar values of 10.4+0.1 and
10.1 £ 0.3, respectively, as shown in Table 3-2. In the afternoon (T2), the pH values followed
the same trend, with even higher averages in the reactors operated in a semi-continuous

feeding regime. Likewise, DO concentrations (7.6 + 1.3 mgO, L''s in HRAP; at T1) were also

2

3)
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comparable in HRAP; and HRAP;3, and higher than in in HRAP; at 13.4 + 1.3 mgO> L ! and
11.8 + 1.6 mgO, L', respectively, indicating a higher bacterial oxidation activity in this
reactor (HRAP1) overnight, when HRAP; was receiving influent, but HRAP> and HRAP; not
(Table 3-2).

DO concentrations at T2 were lower for all three reactors. The results in HRAP> and HRAP;
show a positive correlation between the DO and pH in these HRAPs, in line with the
consideration that the increase in DO is related to the photosynthetic activity of the algae,
which removes CO2 from the culture medium, and consequently raising the pH (Dias et al.
2017). The observed variations in turbidity at times T1 and T2 are related to natural
fluctuations in light intensity, where the photosynthetic apparatus tends to decrease after
higher light intensities (T2) and also by the cessation of photosynthesis in periods of the low
incidence of light (hours before T1) (Mufioz & Guieysse 2006).

Higher biomass productivities, of 21.9 0.3 and 21.2 + 0.1 mg L! day!, respectively, were
achieved in HRAP, and HRAP3, as shown in Table 3-2. The areal productivity was 1.5, 3.6,
and 3.3 g m? day for HRAP;, HRAP;, and HRAP;, in that order. The C:N ratio of the primary
sewage used (Table 3-1), although being close to that expected for this matrix (C:N =3:0),
indicates carbon limitation, and this may have reduced the growth of biomass in the three
conditions studied and consequently the treatment efficiencies (Couto et al. 2015; Ruas et al.
2020). Pereira et al. (2020) obtained higher biomass productivities in experiments in
continuous mode using anaerobic secondary effluent and growth of five microalgae strains,
including Chlorella sp. and Scenedesmus sp., with a peak volumetric productivity of
283 mg L' day! at a dilution rate of 0.3 day™! for Chlorella sp. L06, which compared to other
higher dilution rates, was more favorable because the biomass is in a constant state of
exponential growth (steady state growth). Do et al. (2020) observed in an experiment in
raceway ponds with a C. variabilis THO3-bacteria consortium in the semi-continuous mode
that optimal replacement was achieved when replacing 80% of the culture volume by new
sewage, reaching a stable biomass productivity of 66.2—1,189 mg L 'day! where higher

substitution rates impaired stable growth.



76

Table 3-2 - Concentration of DO, pH and turbidity at T1 (morning) and T2 (afternoon), and volumetric
productivity (n=5), temperature, and evaporation rate at T1 during the operation of the three HRAPs
(averagetstandard deviation, n=10)

Parameters HRAP, HRAP; HRAP;
T1 T2 T1 T2 T1 T2
pH 8.6+0.5 8.73+£0.8 104+0.1 1050+03 10.1+£03 10.55+0.3
DO (mg L) 76413 60824 134+13 790+£39 11.8+1.6 669+1.8
Turbidity (NTU) 53+12 1959+6 100 £ 22 262.3+9 88+ 10 228.4 + 31
Temperature (°C) 274+19 273+18 273+1.8
Productivity (mg L' d!) 13.9+04 21.9+0.3 21.2+0.1
Evaporation rate (L m2d") 0.9+0.7 0.9+0.7 1.0£0.7

Removal efficiency of pathogens (Escherichia coli)

The removal of E. coli at time T1 was statically similar for the HRAP; and HRAP;
(no significant difference, p > 0.05), with mean LRV of 3.7 + 0.2 and 3.5 £ 0.8, corresponding
to = 99%, while HRAP; underperformed with = 94%; LRV of 1.8 + 0.4 logio MPN 100 ml’!
(Figure 3-1). Minor removal was reported by Young et al. (2016), with a mean logio reduction
value of 2.13 +£0.55 logioMPN 100 ml!, in HRAP using wastewater pretreated in on-site
septic tanks as influent. A similar result was obtained by Ruas et al. (2020), in an experiment
with HRAPs reactors operating with configurations similar to this study and treating primary
domestic effluent, but varying supplementation with CO, and TDH, reaching LRVs of 2.5—
3.7 logio MPN 100 ml™!. At time T2 the results followed the same trend as T1, with LRV of
39+1 and 3.2 £ 1 for HRAPs with semi-continuous feeding and 3.4 = 1 for HRAP;, with no

significant difference between them (p > 0.05).

Liu et al. (2020), observed in a study of pathogen removal in wastewater stabilization pond
systems (WSPs), that the increase in pH favored the inactivation of E.coli with good results
with pH from 8, similar to that obtained in the three conditions studied. However, Spearman's
rank correlation coefficient for the results achieved at times T1 and T2 showed that there was
a weak negative linear correlation between pH and removal efficiencies in the three reactors (-
0.4241, P-value= 0.1016) and negligible correlation (-0.1436, P-value= 0.6096), respectively,
indicating that the greatest removals occurred at lower pHs, but still in the alkaline range. The
reduction related to the pH parameter is associated with the death of the bacterium when it is
no longer able to acidify its own cytoplasm, being for this aspect a non-linear relationship
because the limit will be when the homeostatic mechanism of this microorganism is
overloaded and can occur at different levels of pH (Curtis, 2003).

The increase in DO concentrations is related to photosynthesis performed by algae and the
combination with sunlight conditions causes the decrease of pathogenic organisms in ponds

(Dias, Passos, et al., 2017), however, this parameter at time T1 showed a weak negative linear
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correlation (Pearson's linear correlation test, p = 0.0952, r=-0.4314, r>=0.1861) and at time
T2 a negligible negative correlation (p=0.5844, r=-1537, r*=0.0236). The high
concentration of DO can be related to the increase in photo-oxidation, a disinfection
mechanism in which the bacterial cell damage is caused by reactive oxygen species (ROS)
that can be formed by all sensitizers in the presence of oxygen (Chambonniere, Bronlund, et
al., 2021). However, like in this study, Liu et al. (2016), also did not find a good correlation of
this parameter with E. coli removal, indicating that disinfection induced by photo-oxidation is
not only dependent on DO concentrations but is also influenced by other factors such as solar
light intensity and pH.

The feeding regime can impact the pH and DO levels in an HRAP system, as a result of the
volume of fresh effluent added, which may cause a marked decrease in pH due to nitrification
and of the DO level due to an acceleration in bacterial oxidation processes (Pham et al. 2021).
However, the pH and DO concentrations obtained in the HRAP, and HRAP;3 reactors rule out
this possibility of nitrification with the decrease in the values of these two parameters. Do et
al. (2020) observed in an experiment performed in semi-continuous mode with different
percentages of replacement of the culture volume by new wastewater, that in substitutions of
more than 90%, despite showing good biomass growth, the algal-bacteria culture experienced
a long lag phase, weakening the health of this consortium and affecting the treatment
capacity, this being a possibility for the results obtained in HRAP3, in which feeding at

0.1 h day! resulted in a greater dilution of the cultivation broth (around 14%) in a short time.
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Figure 3-1 - Removal efficiencies represented by their average and standard deviations in log10
reduction values (LRV) of Escherichia coli at times T1 (morning) and T2 (afternoon) (n=5). Means
followed by the same letter do not statistically differ

For the Photosynthetically Active Radiation (PAR) parameter, Spearman's rank correlation
coefficient was negligible at T1 but moderately positive at time T2 (Spearman’s correlation

coefficient p =0.4493, p-value = 0.0928), indicating that sunlight-mediated inactivation was
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possibly an active mechanism in removing the pathogens. This mechanism may have occurred
by direct absorption of solar UV-B or photo-oxidation (Dias et al., 2017). The action of
pathogen removal mechanisms mediated by sunlight is affected by the attenuation of light in
HRAPs due to algae growth, dependent therefore on the operational and environmental
parameters and the composition of the influent. However, this negative impact is neutralized
due to the constant recirculation and mixing of the culture broth in the reactor, allowing

greater exposure of pathogens near the surface of the HRAP (Chambonniere et al., 2021).

Figure 3-2 shows the variations in E. coli decay rates at times T1 and T2, where a subtle
increase is observed at time T2, especially for HRAP3 (means of 0.54+0.7 and
1.06 £ 0.4 d !, respectively), but with no significant difference in the disinfection coefficients
in the two periods analyzed. Craggs et al. (2004), observed in a pilot scale HRP treating
wastewater from a dairy farm that despite the short wavelength components of sunlight in
solar UV, especially those in the UVB range, are a major cause of reduced E. coli, a situation
that is favorable when the sun is at its maximum altitude, no increase in the rate of
inactivation of E. coli near solar noon has been identified, which can be justified by the fact
that the substance more intrinsically harmful UVB was attenuated so quickly in highly
pigmented dairy. Contrary to what was obtained in this study, Pereira et al. (2020), in an
experiment in continuous reactors using unsterilized wastewater effluent at different dilutions,

observed that higher E. coli decay rates were obtained at higher dilution rates.



79

4 HRAP1 ® HRAP2 B HRAP3
2.0 H

16 4 L]
1.2 4

0.8 A

0.4 A

E.colidecay rate (d!) - T1

0.0

2.0 ~
1.6 SR SO

1.2 | i.\.-‘-....-..-..--....-..-o.-.......-.vv..-.. x

0.8 - =

E.coli decay rate (d%) - T2

0.4 A

0.0 : : : : : : .
22 24 26 28 30 32 34 36
Time (days)
Figure 3-2 - Variations of the Escherichia coli decay rates (d!) represented by a second-order
polynomial fit at times T1 and T2 for the HRAP;, HRAP,, and HRAP; reactors during the stationary
growth phase of microalgae.

CONCLUSIONS

The removal efficiencies of E. coli were similar for both continuous and semi-continuous
feeding regimens. The lowest removal was obtained in the reactor with a semi-continuous
feed of 0.1 h' d!, with an LRV of 1.8 = 0.4 logioMPN 100 ml’!, indicating that the highest
dilution in a short space of time may have affected the treatment capacity. Sunlight-mediated
inactivation was possibly a relevant mechanism in removing the pathogens in this experiment.
The semi-continuous feeding regime was beneficial for increasing the biomass productivity,
with growth rates of 21.9+ 0.3 and 21.2+0.1 mg L' d"!. In order to further quantify the
advantages of the semi-continuous feeding regime in these systems, future studies with other
pollutants will be carried out, combining the presented research with a study of other

parameters, as well as an economic feasibility analysis.
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CHAPTER 3
3.2 SURFACTANT REMOVAL AND BIOMASS PRODUCTION IN A MICROALGAL-
BACTERIAL PROCESS: EFFECT OF FEEDING REGIME®Y’

ABSTRACT

The influence of the feeding regime on surfactant and nutrient removal and biomass
production was evaluated in three high rate algal ponds for treatment of primary domestic
wastewater. Feeding times of 24, 12 and 0.1 hours per day were studied in each reactor at a
similar hydraulic retention time of 7.0 days and organic load of 2.3 mgm?d'. Semi-
continuous feeding at 12 and 0.1 h d!' showed better microalgal biomass production (0.21—
0.23 g L") and nutrient removal, including nitrogen (74-76%) and phosphorus (80-86%),
when compared to biomass production (0.13 g L™!) and nitrogen (69%) and phosphorus (46%)
removals obtained at continuous feeding (24 h d!). Additionally, the removal efficiency of
surfactant in the three reactors ranged between 90 and 97%, where the best result was
obtained at 0.1 h d!, resulting in surfactant concentrations in the treated effluent (0.3 mg L)

below the maximum freshwater discharge limits.
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Introduction

According to the World Health Organization (WHO), there are still many countries that treat
less than half of the wastewater generated. In Brazil, recent data indicate that 62.5% of the
sewage generated is collected, while only 49% of the total sewage generated is effectively
treated (UNICEF and WHO, 2019; Brasil, 2024). Furthermore, conventional treatment
processes do not completely remove nutrients and emerging contaminants, including
surfactants, which as a result are discharged in water bodies continuously, increasing the
damage done to aquatic ecosystems. Surfactants comprise a vast number of chemical
compounds and are divided into the classes of anionic, cationic and non-ionic surfactants.
Anionic surfactants are traditionally the most used surfactants (around 60%) due to their
detersive properties and lower costs (Pirsaheb et al., 2014; Palmer & Hatley, 2018). According
to Market Wired (2017), about 24.2 million tons of surfactant are expected to be produced in
2022, and the largest volumes of surfactant-containing products come from the cleaning
products (detergents and soaps), petroleum and personal care products industries (Nitschke &
Pastore, 2002). As a result of their household use, these compounds are found in domestic
sewage, and as a consequence of incomplete removal in WWTPs, they are continuously
discharged in water bodies, increasing the damage done to aquatic ecosystems (Scott & Jones,
2000). Their deposition agricultural lands from waste sludge (Scott & Jones, 2000), also
represents a potential environmental risk, depending on the concentration and type of
surfactant (Lechuga et al., 2016). The main environmental damage resulting from the
discharge of these surfactants in water bodies includes: reduced surface tension of the water,
reduced breeding ability of aquatic organisms, and reduced oxygen levels in water bodies as a

result of their degradation, among others (Palmer & Hatley, 2018).

Traditionally, technologies based on physical-chemical methods, such as chemical
coagulation, electrochemical oxidation, photocatalytic degradation, etc., have been used to
remove the surfactants from water (Aboulhassan et al. 2006; Palmer and Hatley 2018).
However, these technologies have drawbacks, like high operational costs and in some cases
the production of hazardous by-products (Palmer and Hatley, 2018). On the other hand,
biological treatment of surfactants by aerobic microorganisms requires a lot of energy for
aeration, while degradation by anaerobic microorganisms has only a limited removal
efficiency, of around 40-85%, depending on the type of surfactant (Palmer and Hatley, 2018).
In contrast, microalgal-bacterial processes in high rate algal pond (HRAP) systems, may

represent a less energy intensive and more environmentally friendly alternative for an efficient
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removal of these contaminants. Contextually, this process is based on the cooperative
interactions between microalgae and bacteria, with CO; and O exchanges resulting from
oxidation of organic matter by bacteria and concomitant assimilation of CO; and nutrients by
microalgae’ photosynthesis (Mufioz and Guieysse, 2006). Thus, in HRAP systems,
mechanical aeration may not be required, as microalgal photosynthesis provides oxygen for
the aerobic bacteria, while at the same time nutrients such as nitrogen and phosphate,
responsible for eutrophication, are taken up by the microalgae and removed. Other pollutants
can be removed in this process as well, including surfactants. The microorganisms may use
the surfactants as an energy or as a nutrient source, by (co-) metabolization (Palmer and
Hatley, 2018). In this context, surfactant removal by microalgae—based technologies can occur
via abiotic (sorption, volatilization or photodegradation) as well as biotic (biodegradation,

microalgae uptake or metabolization) mechanisms (Matamoros et al., 2015).

Hena et al. (2015), show high growth rates of Scenedesmus sp., Chlamydomonas sp.,
Chlorococcum humicola, Botryococcus braunii and Chlorella sp. in batch experiments using
municipal wastewater with a high anionic surfactant content (= 51 mg L), reaching removal
efficiencies of above 97.9% in 10 days. Katam et al. (2018), compared the anionic surfactant
removal in a microalgal reactor with that in an activated sludge process: removal efficiencies
reached up to 80 and 95%, respectively. In spite of these promising results, the effectiveness
of HRAPs for anionic surfactant removal is not yet considered proven in the literature.
Furthermore, despite the promising results with wastewater treatment obtained in HRAPs
with continuous and semi-continuous feeding (de-Bashan et al., 2002; Kim et al., 2014;
Posadas et al., 2014 and 2015; Beydes and Kapdan 2018; Ruas et al., 2018; Salgueiro et al.,
2018), variations of the feeding regime in HRAPs affect pollutant removal and biomass
productivity, but the exact effects of these variations are still barely known, while this
knowledge is crucial to understand and optimize the performance of microalgal-bacterial

systems.

The objective of this work was thus to evaluate the influence of different feeding regimes
(continuous versus semi-continuous) on the removal of surfactants and nutrients, as well as on
the biomass production in three identical HRAPs treating primary domestic wastewater

(PDW), at identical organic loading rates.
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MATERIAL AND METHODS

Inoculum

The HRAPs were inoculated with a consortium formed mainly by Scenedesmus sp. (= 98%)
previously cultivated in outdoor reactors treating domestic wastewater, with a total suspended
solids (TSS) concentration of 1.4 gL', Activated sludge, collected from the Imbirussu

WWTP in Campo Grande-MS (Brazil), with 4.2 gTSS L' was also inoculated in the HRAPs.

Primary domestic wastewater

Primary domestic wastewater (PDW) was collected from a primary treatment tank of a
WWTP located in Campo Grande-MS, Brazil, and stored in a 300 L agitated cooling tank
(Implemis, Brazil) at 4 °C prior to feeding into the HRAPs. Influent soluble concentrations of
surfactant, chemical oxygen demand (COD), total organic carbon (TOC), inorganic carbon
(IC), total organic nitrogen (TN), ammonium ion (N-NH4") and total phosphorus as P-PO4*"
(TP) in the PDW are summarized in the Table 3-1. All parameters were analysed according to
Standard Methods for the Examination of Water and Wastewater (APHA et al. 2012). Nitrite
(N-NO7) and nitrate (N-NO3") concentrations were below detection limits using ion

chromatography (see section ‘Analytical procedures’).

Table 3-1 - Physical-chemical characteristics of the primary domestic wastewater during the

experiment

Parameter Unit Value
Surfactant mg L 9.9+0.7
COD mg L-1 127 £ 11
TOC mg L-1 119+9

IC mg L 53+11

TN mg L 66 £ 15

N-NH4* mg L-1 20£5
TP mg L 6.1+0.4
pH - 8.0=+0.1

Experimental setup

The experimental setup consisted of three polypropylene 21 L HRAPs (R1, R2 and R3), with
an illuminated surface of = 0.13 m2 and 16 cm cultivation broth depths (Figure 3-1), installed
outdoors. A submerged pump with a nominal flow rate of 540 Lh™! (Sarlo Better B500,

Brazil) was located at the bottom of each reactor, maintaining a liquid recirculation velocity
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of 20+ 2 cms™! in order to promote complete agitation (Ruas et al., 2018) Each HRAP was
followed by a 1 L sedimentation tank (S1, S2 and S3), with a hydraulic retention time (HRT)
of ~8+0h.

%VaEl
S1
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S2

e»VeB
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Figure 3-1- Experimental setup of the three 21 L HRAPs for primary domestic wastewater treatment
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Operational conditions

The HRAPs were operated at similar organic loading rate and HRT, of 2.3 = 0.4 mgCOD m"
2d! and 7.0 £ 0.2 days, respectively, but with different feeding regimes, in order to evaluate
the effect of feeding regime on PDW treatment. R1 was fed continuously (24 hours per day),
whilst R2 and R3 were fed semi-continuously, during 12 and 0.1 hours per day, respectively.
The feeding of R2 and R3 both started at 9:00 a.m but finished at 9:00 pm and 9:06 am,
respectively. The experiment was conducted at the Effluents Laboratory of the Federal
University of Mato Grosso do Sul (Campo Grande-MS, Brazil) for 36 days at a temperature
of =29 °C.

Sampling

Two samplings were performed three times a week to elucidate the performance of the
HRAPs: in the morning (T1) and afternoon (T2). The first sampling, T1, occurred at 9:00 a.m.
in the cultivation broth of R1, R2 and R3, before starting feeding of R2 and R3; and also at
9:06 a.m. in the effluent (E1, E2 and E3) of the settlers, after stopping feeding of R3. The
second sampling, T2, occurred at 4:00 p.m., only in the cultivation broths of R1, R2 and R3,
after several hours of exposure to sunlight. At T1, samples of 200 mL were taken to determine
TSS and soluble concentrations of COD, TOC, IC, TN, N-NH4*, N-NO", N-NOs", TP and

anionic surfactant. At T2, samples of 20 mL were drawn to determine the soluble anionic
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surfactant. Samples of dissolved compounds were obtained from the samples by filtering
through 0.45 um glass fibre filters prior to analysis. The temperature, pH and dissolved
oxygen (DO) concentrations were monitored daily at T1 and T2. All parameters were
analysed according to Standard Methods for the Examination of Water and Wastewater
(APHA et al. 2012). Furthermore, the daily evaporation rate was determined from the

difference between the influent and effluent flow rates.

Analytical procedures

The TOC, IC and TN were determined using a total organic carbon analyzer (Vario TOC
Cube, Elementar, Germany). COD was analyzed by means of the closed reflux acid digestion
method using dichromate reagent (APHA et al., 2012). Both N-NH4" and pH were measured
using Orion Dual Star (Thermo Scientific, The Netherlands) ammonia and pH electrodes,
respectively, while N-NO,", N-NOs™ and P-PO4*" were analyzed using a Dionex UltiMate ICS
1100 ion chromatography system with an lonPac AG19/AS19 column (Thermo Scientific,
USA). The anionic surfactant concentration was determined using methyl dodecylbenzene
sulphonate (MBAS) reagent in MN Nanocolor® Tube Tests. Temperature and DO were
measured using a Jenway 9500 DO2 oximeter (Jenway, UK). The light intensity (PAR:
photosynthetically active radiation) was recorded with a Quantum meter MQ-200 (Apogee
Instruments, USA). The microalgae identification was carried out by microscopic
examination (Olympus BX41, USA) of samples fixed with 5% lugol acid and stored at 4 °C

prior to analysis.
RESULTS AND DISCUSSION

Surfactant removal efficiency

The influent surfactant concentration in this study, of 9.9 + 0.7 mg L!, was in the same range
as in previous studies indicating 2-21 mg L™! concentrations in domestic wastewater (Pirsaheb
et al., 2014). Surfactant concentrations comparable to the discharge limit in fresh water in
Brazil of 0.5 mg L! (Brazil 2005) were found in all samples from the cultivation broth of R1
and R2, at T1 and T2 (Figure 3-2, left), and from the effluent of the settler E1 and E2 (Figure
3-2, right). This corresponds to an approximately 95% removal efficiency, suggesting
continuous removal of surfactants from both reactors. Concentrations below the discharge
limit were only recorded in R3 (0.3 = 0.1 mg L) just before feeding at T1, corresponding to a
97 £ 1% removal. On the other hand, surfactant concentrations in R3 efluent reached
1.5+ 0.3 mg L' just after feeding (E3) (Figure 3-3), and reduced to 1.0 + 0.4 mg L' after 7

hours of daylight at T2. This result shows that bacteria are responsible for the removal
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(biodegradation) as even in R1 (continuous feeding) the concentrations at the end of the day

are slightly higher than results obtained in the morning.

High removal efficiencies of anionic surfactants from municipal wastewater by Scenedesmus
sp. (97.5%), Chlamydomonas sp. (98.0%), Chlorella sp. (99.4%), Chlorococcum humicola
(97.9%) and Botryococcus braunii (99.1%) were recorded by Hena et al. (2015) in 10 days
batch experiments, using municipal wastewater with an initial concentration of 50 mg L.
Katam et al. (2018), studied the effect of solid retention times (STR) (2—12 days) on anionic
surfactant removal in a microalgal reactor and an aerobic bacterial reactor. Removal
efficiencies reached up to 80% and 95%, respectively, at 10 days SRT. A wastewater treatment
plant using wetlands also removed anionic surfactants from domestic wastewater, with 98.3%
efficiency (Kruszelnicka et al., 2019), while removal in continuous activated sludge systems
ranged from 93.7 to 96.7% (initial concentration of = 16 mg L™!) (Pirsaheb et al., 2014). On
the other hand, Matamoros et al. (2015) obtained removal efficiencies of a non-ionic
surfactant in HRAPs varying between 59% (cold season, 4 days HRT) and 93% (warm
season, 8 days HRT).
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Figure 3-2 - Surfactant concentration of (left) the cultivation broth of R1, R2 and R3 at T1 and T2, and
(right) the effluent E1, E2 and E3 from the settler.

Finally, the surfactant concentration in R3 clearly shows first-order degradation kinetics
(Figure 3-3), with a rate constant of 1.18 d"!. This biodegradation rate constant is similar to
that obtained by Andrade et al. (2017), of 0.91-1.30 d!, using activated sludge for linear alkyl
benzene sulfonate (LAS) removal; however lower than the rate constant calculated from
results of Hena et al. (2015), of 2.72-4.98 d"!, using different microalgae for municipal

wastewater treatment.
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Figure 3-3 - Time course of surfactant degradation of R3 in the effluent E3 (after feeding) and
cultivation broth at T1 and T2.

Biomass productivity and settleability

The different feeding regimes in RI1, R2 and R3 promoted mixed culture biomass
concentrations of 0.13 +£0.02, 0.23 £0.03 and 0.21 £0.01 g L"!, corresponding to biomass
productivity rates of 1.5, 3.6 and 3.3 g m™? d!, respectively. These rates were lower than those
found by Ruas et al. (2018) and Posadas et al. (2015) of =4 and 5 gm™2 d! in continuous
HRAPs treating domestic wastewater at 5 and 6 days HRT, respectively. The low carbon and
nutrient loading rates applied to the HRAPs probably explain these lower recorded biomass
productivities, as already reported by Posadas et al. (2014). On the other hand, the higher
biomass production rate obtained with the semi-continuous feeding regime, when compared
to the continuous feeding regime, may be directly related to two factors: i) the operation
mode, as according to Beydes and Kapdan (2018), an intermittent feeding mode provides
higher biomass concentrations and easier control of environmental conditions, as well as a
better resistance to toxic or inhibitory compound loadings; and ii) the higher nutrient
concentration available for microalgal growth during the period of exposure to sunlight. Kim
et al. (2014) studied biomass growth in, and nutrient removal from raw municipal wastewater
in a 60 L HRAP operated semi-continuously at HRTs of 2, 4, 6, and 8 days, and obtained a
positive correlation between these parameters and increasing HRT, producing biomass
concentrations of about 1.00, 1.26, 1.45 and 1.74 g L', respectively. On the other hand, Ruas
et al. (2018), found concentrations of 0.11-0.12 gL' in continuously operating HRAPs
treating domestic wastewater at a 5 days HRT, while 0.32-0.49 g L"! were recorded by
Posadas et al. (2015) at 2.7-6.7 days HRT.
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A good settleability of 81% was obtained in R2, followed by R1 (35%) and R3 (18%),
however settleability was not correlated with the microalgal population found in the reactors
(Figure 3-4, right). In all three reactors, Scenedesmus sp. was the main specie (> 98%) found
after 36 days of operation, in line with literature: this specie has been commonly reported in
continuous photobioreactors treating domestic wastewater (Mufioz and Guieysse, 2006;
Posadas et al., 2015), but also in a semi-continuous HRAP treating raw municipal wastewater,
together with Chlorella sp. and Stigeoclonium sp. (Kim et al., 2014). Settleability in this last
case was very high, at 99%.
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Figure 3-4 - left: Biomass concentration and right: settleability obtained in R1, R2 and R3 during
secundary domestic wastewater treatment.

Removal efficiency of COD and nutrients

Despite the elevated temperatures (= 27.2 °C) obtained in the reactors (Table 3-2), recorded
evaporation losses were relatively low (= 0.9 L m2d!), when compared to the 1.3 L m?d’
estimated by Guieysse et al. (2013) for outdoor conditions in tropical climates. On the other
hand, in the cultivation broth of R1, a lower pH and DO were recorded than in R2 and R3,
which was directly related to higher microalgal-bacterial growth in these reactors (Mufioz and

Guieysse, 2006).

Similar COD and TOC removals of 70-74 and 37-42% respectively were found in all
reactors, due to similar bacterial activity. Kim et al. (2014), found slightly lower COD and
TOC removal efficiencies, of 63 and 34%, respectively, in a semi-continuous HRAP treating
raw municipal wastewater at 8 days HRT (initial COD and TOC of 110 and 60 mg L,
respectively). In continuous HRAPs, COD and TOC removals ranged between 66—86 and 54—
70%, respectively, at 6.0-6.7 days HRT (Posadas et al. 2015). Apart from organic carbon,
microalgal processes may reduce inorganic carbon as well, as a result of photosynthesis. In
R1, the removal of IC was higher (67 £4%) than observed in R2 (59 +5%) and in R3

(58 +8%). Based on the C-content of Scenedesmus sp. biomass cultivated in domestic
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wastewater, around 50-53% was found by Posadas et al. (2015); the data suggest that in all
reactors the main mechanism of C removal was assimilation into biomass. Stripping of carbon
was also recorded, but, in line with expectations, this happens only in R1 (11-16%), and not
in reactors R2 and R3, where the higher pH results in CO; retention. The pH can thus explain
the higher removal of IC in R1.

Table 3-2 - Environmental conditions and COD and nutrient removal efficiencies found in the three

HRAPs at T1.

Unit R1 R2 R3
Environmental conditions
pH - 8.6+0.5 10.4 £ 0.1 10.1+£0.3
DO mg L 7.6+1.3 134+1.3 11.8+1.6
Temperature °C 274+1.9 273+ 1.8 273+ 1.8
Evaporation losses Lm?2d! 0.9+0.7 0.9+0.7 1.0+£0.7
Removal efficiencies
COD % 74+ 8 73+8 70+ 13
TOC % 41+8 37+10 42+ 14
IC % 67+4 59+5 58+38
N % 65+8 74 £ 6 76 8
N-NH4+ % 1000 100+0 100+0
TP % 46+5 86+ 1 80+7

The TN removal efficiency as obtained in R1 (69 + 8%) was slightly lower than in R2
(74 £ 6%) and in R3 (76 + 8%), which can be related to the higher biomass productivity
recorded in R2 and R3. Ammonia (N-NH4") was completely removed in all reactors, and
nitrite (N-NO2) and nitrate (N-NO3) were not detected in the effluent. Phosphate removal in
R1 (46 = 5%) was also lower than in R2 and R3, with the removal from R2 (86 = 1%),
slightly higher than from R3 (80 +7%). Kim et al. (2014), found TN and TP removal
efficiencies of 92-95 and 81-95%, respectively, in a semi-continuous HRAP treating raw
municipal wastewater at 2-8 days HRT, with an initial TN of 44.8 mg L' and an initial TP of
4.7 mg L', Alternatively, Posadas et al., (2015) recorded TN and TP removals of 60-97% and
33-70%, respectively, in continuous HRAPs treating primary domestic wastewater during
different seasons, at 2.8-6.7 days HRT and using a controlled pH (initial TN of 52-70 mg L!
and TP of 9-11 mg L'"). Higher ammonium and phosphorus removal efficiencies from

synthetic wastewater, using Chlorella vulgaris (UTEX 2714), were also found by de-Bashan
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et al. (2002) in semi-continuous cultures, when compared to the removal in continuous and

batch cultures.

Based on the biomass N (8.4-9.0%) and P (0.8-1.3%) content of Scenedesmus sp. cultivated
in domestic waste- water as obtained by Posadas et al. (2015), we can infer that the main
mechanism of N removal from R1 was ammo- nia stripping (>73%), while in R2 and R3 it
was ammonia stripping (54-57%) and assimilation into biomass (43— 46%). Considering the
pH of the reactors, a higher share of ammonium ion in the cultivation broth was evidenced in
R1, while ammonia was recorded in R2 and R3. In contrast, assimilation into biomass
accounts for the same range in the three reactors (34-58%); however, the high pH recorded

may have promoted significant precipitation of P (Mufioz & Guieysse, 2006).
CONCLUSIONS

Semi-continuous feeding in HRAPs operated during the day- light period showed to be more
advantageous than the usual continuous operation, with respect to both the microalgal
biomass productivity and the nutrient removal efficiencies. Especially considering surfactant
removal, a feeding for only 0.1 h d”! may give the best results when the treated effluent is
withdrawn from the system before admitting new influent (batch operation). However, further
research is still needed to increase the performance of microalgal-bacterial systems operated
in batch or semi-continuously for domestic wastewater treatment, as well as an investigation
into the removal of other groups of surfactants and an improvement of nutrient recovery into

biomass, and also an analysis of economic viability.
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CHAPTER 4 :
INTERMITTENT MIXING IN HIGH RATE ALGAL PONDS: IMPLICATIONS FOR
SURFACTANT AND PATHOGEN REMOVALS?

ABSTRACT

High rate algal ponds (HRAPs) are shallow, open systems that efficiently treat wastewater
using microalgae-bacteria consortia while recovering nutrients and producing biomass for
biofertilizers and bioproducts. Paddlewheels, commonly used to promote continuous mixing
in these systems, are essential to prevent biomass sedimentation and to enhance the
distribution of light and nutrients throughout the pond. However, despite their importance,
paddlewheels are among the most energy-demanding components of HRAPs. In this context,
this study aimed to evaluate the impact of intermittent mixing on the removal of surfactants
and pathogens from domestic sewage, as a potential strategy to reduce energy consumption
without compromising treatment performance. Results showed that both continuous and
intermittent agitation achieved high removal efficiencies for surfactants (> 90%) and E. coli
(> 97%), with no significant differences between strategies. Biomass productivity reached
0.87£0.5g TSS L', slightly higher under continuous mixing. These findings indicate that
intermittent agitation is a viable strategy to reduce energy consumption in HRAPs without
compromising treatment performance. These results reinforce the potential of HRAPs with

intermittent mixing as a low-energy solution for decentralized wastewater treatment systems.
INTRODUCTION

High-rate algal ponds (HRAPs) have emerged as a promising and increasingly explored
technology for wastewater treatment using microalgae—bacteria systems. Their shallow, open
design enhances light penetration and gas exchange, optimizing microalgal photosynthesis
and bacterial metabolism, contributing to more efficient removal of organic matter and
nutrient uptake (Mufioz and Guieysse, 2006). These systems align with circular economy
principles by integrating wastewater treatment with biomass valorization, enabling resource
recovery for biofertilizers, biofuels, and bioproducts, and promoting the reuse of treated

effluent in agriculture or industry (Shahid, Malik, et al., 2020).

8 Paper presented at the IWA 17" Small Water and Wastewater Systems and 9" Resource Oriented Sanitation
Conferences, Nov. 2024, Curitiba-PR, Brazil.
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Unlike conventional activated sludge processes, HRAPs operate with significantly lower
energy input, as oxygen is primarily supplied via photosynthesis rather than mechanical
aeration (Arashiro, Montero, et al., 2018; Delanka-Pedige, Cheng, et al., 2020). Some
configurations report energy requirements below 2 W/m?3, highlighting their potential for
sustainable wastewater management in both decentralized and large-scale applications (Acién
Ferndndez et al., 2018). These characteristics reinforce their potential for sustainable
wastewater treatment, especially in contexts where decentralized or low-cost solutions are
needed. Nevertheless, challenges such as land use, seasonal variability, and biomass

harvesting efficiency still require further investigation (Sutherland and Ralph, 2020).

Despite their overall low energy requirements, HRAPs do require some mechanical energy
input to maintain optimal conditions for microalgal and bacterial growth. The use of
paddlewheels is essential to ensure continuous mixing of the culture, preventing the
sedimentation of microalgae-bacteria aggregates and facilitating enhanced nutrient diffusion
across the cellular boundary layer (Rogers, Rosenberg, et al., 2014). This mixing process
represents the second highest energy demand in HRAPs, after biomass harvesting, but

remains significantly lower than the aeration energy demands in activated sludge systems

(Sutherland and Ralph, 2020; Kohlheb, van Afferden, et al., 2020).

Investigating operational parameters such as mixing regime, hydraulic retention time, feeding
strategy, and light availability is essential to enhance the performance of HRAPs. Adjusting
and optimizing these conditions can lead to improved pollutant removal, greater biomass
productivity, and reduced operational costs, thereby improving the feasibility of this
technology for sustainable wastewater treatment across diverse environmental and
socioeconomic contexts (Ruas, Farias, et al., 2020b; Pompei, Ruas, et al., 2024; Butterworth

and Fallowfield, 2024; Serejo, Farias, et al., 2020; Sivakaminathan, Wolf; et al., 2020).

Among these parameters, the mixing strategy plays a key role in maintaining biomass in
suspension and ensuring uniform distribution of light and nutrients, as well as preventing
thermal stratification and light limitation that can impair algal activity (Dammak, Fersi, et al.,
2023). While continuous mixing is commonly used and effective, it accounts for a significant
portion of the system's energy demand. Intermittent mixing has emerged as a potential
alternative to reduce energy consumption while preserving treatment efficiency (Butterworth

and Fallowfield, 2024).

Anionic surfactants and Escherichia coli were selected as target pollutants due to their

widespread occurrence in domestic wastewater and their environmental and public health
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relevance. Surfactants, commonly used in household and industrial products, are often present
at elevated concentrations, posing challenges to conventional treatment processes (Palmer and
Hatley, 2018; Li, Yuan, et al., 2025). Among them, linear alkylbenzene sulfonate (LAS)—a
mixture of Cjo to Cy3 isomers representing 25-30% of global surfactant production—is the
main anionic surfactant in detergents, characterized by its amphiphilic structure and classified

as a sulfate ester (Askari, Vahabzadeh, et al., 2021).

Escherichia coli was included as a microbiological indicator because of its established role in
assessing fecal contamination and the hygienic quality of treated effluents (Abd-Elmaksoud,
Abdo, et al., 2021; Farias, Ruas, et al., 2023). Compared to thermotolerant coliforms, E. coli
provides greater public health protection, as it can be quantified more reliably and at lower
cost using methods such as the Quantitray technique, and it avoids interference from non-

fecal bacteria like thermotolerant Klebsiella (Dias, Passos, et al., 2017).

Therefore, this study evaluated the effect of intermittent mixing on the removal of surfactants
and pathogens from domestic sewage in HRAPs, aiming to assess its viability as a cost-

effective operational strategy.
MATERIAL AND METHODS

Microorganisms and domestic wastewater

The secondary domestic wastewater used as influent was collected from the septic tank of a
local sewage treatment plant. Throughout the study, the influent was characterized for
physicochemical parameters, including pH, total suspended solids (TSS), chemical oxygen
demand (COD), Total organic carbon (TOC), Inorganic carbon (IC), ammonium (NH4"™-N),
nitrate (NO3™-N), nitrite (NO>™-N), Total nitrogen (TN), anionic surfactants, and Escherichia
coli, with the following average concentrations, respectively: pH 7.67; TSS 35 +£20 mg L,
146+ 45 CODmgL!; TOC 81 +55mgL"; IC 40+ 12 mg L"'; ammonium 23 + 5 mg N-
NH4" L!; nitrite 0.02 +0.01 mg N- NOy" L'!; nitrate 3.8 £ 2.1 mg N-NOs"L!; NT 62+7
mg L', anionic surfactants 17 = 5 mg L''; and E. coli 6.8 + 2.0 x 10" MPN.

The inoculum used to seed the HRAPs consisted of a microalgae culture with an initial
concentration of 0.95 g TSS L', obtained from a pre-established HRAP system. Additionally,
nitrifying-denitrifying activated sludge sourced from a municipal wastewater treatment plant

(WWTP) was introduced, with an initial concentration of 0.9 g TSS L'
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Experimental setup

The experimental setup comprised two High Rate Algal Pond (HRAP) type reactors,
designated as R1 and R2 (Figure 4-1). Each reactor had a working volume of 40 liters, 16 cm
of water depth and an illuminated surface area of 0.35 m?. The hydraulic retention time (HRT)
was maintained at 5 days and the experiment was conducted outdoors at a university campus

located in Mato Grosso do Sul, Brazil.

To maintain appropriate mixing conditions, the HRAPs were agitated using a submersible
pump (Sarlo Better B650, Brazil) with a nominal flow rate of 650 L h™'. This setup ensured a
consistent recirculation velocity of 20 =2 cm s, which is within the optimal range for
promoting biomass suspension and preventing excessive sedimentation of particulates. The
agitation regime was configured differently for each reactor: R1 operated with continuous
mixing throughout the experimental period, while R2 had an intermittent mixing schedule,
with agitation activated only between 06:00 am and 06:00 pm. This configuration allowed for
comparative analysis of the impact of mixing regimes on system performance, including the

influence on microbial communities and pollutant removal efficiency.

R2 -
Intermittent mixing
® 6:00 AM-6:00 PM

R1-

Continuous mixing

Figure 4-1 - Schematic and real design of the system of the HRAP reactors operated in parallel used in
the study, with the configuration in the mixing regime: R1 with continuous mixing and R2 with
intermittent mixing.

Operational conditions and sampling

Samples were collected three times a week for the determination of soluble concentrations of
chemical oxygen demand (COD), total organic carbon (TOC), inorganic carbon (IC), total
nitrogen (TN), ammonium ion (N-NHjy"), nitrite (N-NO>"), nitrate (N-NO3"), Escherichia coli,
and surfactants. pH, dissolved oxygen (DO), temperature, turbidity, and effluent volume were

continuously monitored using sensors integrated into a system based on Arduino.
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Analytical procedures

Analytical procedures followed the guidelines set by APHA, AWWA, and WEF (2012).
Photosynthetically Active Radiation (PAR) was measured using a PAR MQ-200 quantum
sensor (Apogee Instruments, USA). Total Organic Carbon (TOC), Inorganic Carbon (IC),
Total Carbon (TC), and Total Nitrogen (TN) were quantified with a Vario TOC cube analyzer
(Elementar, Germany). Parameters including pH, dissolved oxygen (DO), temperature, and
turbidity were continuously monitored via sensors integrated into an online system, ensuring

real-time data collection.

Ammonium nitrogen (N-NH4") levels were determined using an ammonia-selective electrode
connected to an Orion Five Star multiparameter meter (Thermo Scientific, USA). Nitrate (N-
NO3") and nitrite (N-NO2") concentrations were assessed colorimetrically, measuring
absorbance with a DR 3900 spectrophotometer (Hach, Germany). Turbidity was measured
using Hanna HI98703-01 bench meter (Hanna Instruments, USA). Microalgal species
identification followed Sournia's (1978) methodology, utilizing a Leica DMS5500B

microscope (Germany).

Anionic surfactant concentrations in the reactors were measured using the simplified method
by Jurado, Fernandez-Serrano et al. (2006), chosen for its efficiency in evaluating surfactant
degradation in wastewater treatment. Chlorophyll-a concentrations were determined
spectrophotometrically after pigment extraction with 90% acetone at 4 °C, using absorbance
readings at 665 and 750 nm before and after acidification, with corrections for pheophytin

interference.

Escherichia coli (E. coli) presence was detected using Colilert® test kits (IDEXX
Laboratories, Westbrook, ME, USA), a standard approach for rapid coliform identification in
water samples. The E. coli decay rate (k, d') was estimated from influent and effluent
concentrations and hydraulic retention time (HRT), using a first-order model assuming
pseudo-steady-state conditions (Craggs, Zwart, et al., 2004; Chambonniere, Bronlund, et al.,

2020).

Statistical analyses were performed using the R programming language. Analysis of variance
(ANOVA) evaluated differences between reactor operating conditions. Upon identifying
significant differences, Tukey’s HSD post hoc test was applied for pairwise comparisons at a
95% confidence level (p < 0.05), providing a robust assessment of treatment performance and

mixing regime impacts.
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RESULTS AND DISCUSSION

Operational and environmental conditions

The experiment was conducted outdoors over a 26-day period, with an average ambient
temperature of 23.9 =6 °C. As shown in Table 4-1, both reactors (R1 and R2) exhibited
similar environmental conditions throughout the experiment, with pH values consistently
above 9.0 and dissolved oxygen (DO) concentrations around 5.0 mg L', indicative of
favorable conditions for microalgae growth and aerobic microbial processes (Dammak, Fersi,
et al., 2023).

Table 4-1 - Results of pH, Dissolved oxygen (DO) concentration, cultivation broth temperature, and

percentage of chemical oxygen demand (COD) removal in HRAPs with continuous mixing (R1) and
with intermittent mixing (R2).

Environmental conditions Reactor operating conditions
Reactor
Temperature (°C) PAR (umolm2s™) pH DO (mg L) Temperature (°C)
R1 9.7+1 74+3 23.1+2
- 23.2+6 3067 + 1483
R2 99+1 59+1 21.8+1

The similar pH and DO levels observed in both reactors indicate that the two mixing
strategies - continuous and intermittent - provided comparable conditions for photosynthetic
activity and oxygen transfer. Alkaline pH values above 9.0 are typical in high-rate algal ponds
(HRAPs) due to intense CO> uptake during microalgal photosynthesis (Park and Craggs,
2010), and DO concentrations above 5 mg L™ suggest a well-oxygenated environment,

minimizing anaerobic zones and favoring organic matter degradation.

The diurnal physicochemical profiles of the HRAPs reflected the influence of mixing regimes.
R1 (continuous mixing) showed higher dissolved oxygen levels throughout the day, peaking
at 14.8 mg L, compared to 8.4 mg L in R2 (intermittent mixing), as show in Figure 4-2. R1
also maintained slightly higher temperatures (up to 25 °C), closer to the ambient temperatures,
likely due to better circulation and more intense contact with the external environment. R1
exhibited lower and more variable pH values (= 9.0-9.4), closer to the optimal range for
microalgal growth, as mixing must have improved CO; transport from the air into the liquid
phase, whereas R2 maintained a more stable but excessively alkaline profile (= 9.9-10.2). The
higher pH values observed in both reactors are associated with the photosynthetic activity of
microalgae, which consumes dissolved CO; and reduces carbonic acid formation, thereby

leading to an increase in pH (Dammak, Fersi, et al., 2023),
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Figure 4-2 - Daily variation of dissolved oxygen, pH, and temperature in reactors with continuous
mixing (R1) and intermittent mixing (R2).

Removal efficiency of surfactants

The removal of anionic surfactants was highly efficient in both mixing regimes, with average
efficiencies of 89 = 7% in R1 and 90 £+ 6% in R2, and no significant difference between them
(p>0.05; Figure 4-3). Final effluent concentrations were consistently below 2 mgL",
demonstrating the capacity of HRAPs to substantially reduce synthetic detergent levels in

treated wastewater.

The high removal performance is mainly attributed to aerobic bacteria, which effectively
metabolize surfactants as a source of carbon and energy, taking advantage of the increased

oxygen concentrations resulting from microalgal photosynthesis, while the microalgae
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provide a secondary contribution through biomass-driven uptake and photo-oxidative
processes (Katam and Bhattacharyya, 2018). The action of the microalgae may go beyond
synergistic mechanisms in surfactant removal, as demonstrated by the high efficiency of
facultative heterotrophic strains (e.g., Scenedesmus sp.,Chlorella sp.) that can remove
surfactants from municipal wastewater, achieving removal efficiencies above 90% (Hena,
Abida, et al., 2015). LAS removal by microalgae is primarily linked to the production of
reactive oxygen species (ROS) during photosynthesis, which drive surfactant breakdown

beyond the effects of pH and dissolved oxygen (Hua, Li, et al., 2012).

Similar efficiencies were observed in our earlier experiments (Serejo, Farias, et al., 2020; see
also Chapter 3 of this thesis), when removal efficiencies of 90-97% were observed in HRAPs
operated under different feeding regimes. In those experiments, emphasis was on the
influence of photoperiod and microbial adaptation on the degradation of synthetic organic
compounds though. The present results again indicate that the temporal mixing pattern
(continuous or intermittent) does not markedly influence the microbial capacity to degrade
anionic surfactants, as long as light availability and pH conditions remain conducive to

metabolic activity.

100.0
95.0

90.0

85.0

80.0

Surfactant removal (%)

75.0

70.0

R1 R2

Figure 4-3- Removal efficiencies (average values and standard deviations) in percentages for
surfactants (n=10) in HRAPs R1 (continuously mixed) and R2 (intermittently mixed).

Removal efficiency of pathogens (E.coli)

E. coli inactivation was high in both reactors, with no statistically significant difference
between them (p > 0.05). R2 achieved a log removal value (LRV) of 1.8 &+ 1.3, corresponding
to a 98 + 2% removal efficiency (Figure 4-4, above). These results are consistent with those
obtained by Butterworth and Fallowfield (2024), who observed comparable E. coli reductions

in HRAPs operated with 10 days of mixing cessation, reporting no significant differences in
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LRVs between continuously and intermittently mixed systems. Equivalent results were
reported by Ruas, Farias, et al. (2022), who investigated the effects of CO, addition and
feeding regimes (continuous versus semicontinuous) on pathogen removal in HRAPs treating
raw sewage; no significant differences in E. coli removal efficiency were found, with values

consistently above 98%.

The effectiveness of pathogen removal in both reactors can be attributed to the synergistic
action of multiple factors, including high dissolved oxygen levels, alkaline pH, extended
hydraulic retention time (HRT), and continuous exposure to solar radiation (Nirmalakhandan,
Selvaratnam, et al., 2019). The elevated pH (> 9.0) observed in both treatments likely played
a key role in microbial inactivation, since photosynthetic activity can render the water
environment alkaline, beyond the tolerance range of many pathogens (Dammak, Fersi, et al.,
2023). This agrees with Chambonniere, Bronlund, et al. (2022), who demonstrated that
alkaline pH-induced toxicity is a major driver of E. coli decay, highlighting its relevance as a

dominant disinfection pathway in HRAPs.

Additionally, oxygen-rich conditions in HRAPs favor the production of reactive oxygen
species (ROS) via photochemical processes, which can further enhance pathogen inactivation
(Chambonniere, Bronlund, et al., 2021). Previous studies have highlighted the importance of
sunlight exposure and algal photosynthesis in achieving high disinfection rates (Fallowfield et
al., 2022; Park et al., 2011). Light exposure is a key driver, as Pompei, Ruas, et al. (2023),
demonstrated significantly reduced E. coli removal under shading, highlighting the
importance of both direct UVB damage and ROS-mediated oxidative stress. In the present
study, even though intermittent mixing may have influenced biomass shading, E. coli removal
remained high (= 98%), suggesting that photo-driven disinfection mechanisms were not

substantially hindered.

The E. coli decay rates (k, d!) fluctuated throughout the monitoring period, ranging from
approximately 0.57 to 1.04 d"! in both reactors (Figure 4-4, below). Although R2, operated
with intermittent mixing during daylight hours, exhibited slightly higher decay rates on most
days, the differences between both reactors were not statistically significant (p > 0.05). These
findings are consistent with our earlier work (Farias, Ruas, et al., 2023; see also Chapter 3 of
this thesis), which reported similar temporal fluctuations in decay coefficients in HRAPs

(0.54 £ 0.7 to 1.06 += 0.4 d') with no significant differences.
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Intermittent mixing did not compromise the hydrodynamic conditions needed for pathogen
contact with light and oxygen throughout the pond volume. This suggests that daytime mixing
is sufficient to maintain a well-distributed biomass layer, promoting uniform exposure to
disinfection mechanisms. These findings reinforce the potential of HRAPs as effective, low-

energy systems for pathogen removal, even under simplified operational strategies.
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Figure 4-4 — above: Removal efficiencies (average values and standard deviations) in logarithmic units
(LRV) of Escherichia coli (n=5) in HRAPs R1 (continuously mixed) and R2 (intermittently mixed);
and below: Variations of the Escherichia coli decay rates (day™') during the experiment.

Removal efficiency of COD and nutrients, Productivity and Microalgae Population

Regarding chemical oxygen demand (COD), the reactor operated under continuous mixing
(R1) achieved a mean removal efficiency of 59 + 6%, while the reactor with intermittent
mixing (R2) reached 50 + 5% (Table 4-2). Although R1 exhibited slightly higher average
removal, statistical analysis showed no significant difference between the two operational

modes (p =0.146). These results indicate that intermittent mixing can deliver comparable
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performance to continuous mixing in terms of organic matter removal, despite the slightly
greater variability observed in R1. This outcome is consistent with previous studies
demonstrating the feasibility of reducing mixing time in HRAPs without compromising
treatment efficiency, especially when mixing is aligned with light availability (Young,
Fallowfield, et al., 2017). Nevertheless, despite the lower performance in organic matter
removal, the final COD concentrations were within the typical outflow values for HRAPs and

below the limits established by discharge guidelines (Kohlheb, van Afferden, et al., 2020).

Based on the results shown in Table 4-2, the continuous mixing regime (R1) generally
outperformed the intermittent regime (R2) in nitrogen removal. For TN, R1 achieved a
82+ 1% removal efficiency, versus 77 +3% in R2, with Tukey’s test confirming this
difference as statistically significant. Ammonium nitrogen (N— NH4") removal was also high
in both regimes (97 +£2%), consistent with the preferential assimilation of ammonia by
microalgae and potential contributions from ammonia stripping under high pH and
temperature (Eltanahy, Salim, et al., 2018). The superior nitrogen removal in R1 is likely
linked to its higher biomass productivity, enhancing assimilation of both ammonium and other
nitrogen forms. It is also possible that greater mixing promotes larger, denser colonies, which

can increase nutrient removal efficiency, as reported by Sutherland, Turnbull, et al. (2014).

For carbon-related parameters, TOC and IC removals were 42 + 7% and 39 + 12% in R1, and
35+ 6% and 37 + 5% in R2, respectively, with no significant differences detected. The high
daytime pH typical of HRAPs alters the carbonate equilibrium, decreasing the fraction of
dissolved CO- available for direct uptake. During the pH rise, the observed inorganic carbon
dynamics can be attributed to both photosynthetic CO> consumption and CO> stripping from
the culture medium (Valdés, Hernandez, et al., 2012). When compared to the 47% TOC and
45% IC removals reported in our previous study on HRAP performance (Serejo, Farias, et al.,
2020; see also Chapter 3 of this thesis) under the same continuous mixing velocity of 20 cm

s!, the corresponding values obtained in the present experiments were slightly lower.

The biomass productivity of the HRAPs remained relatively stable under both mixing
regimes, with average values of 34.6 £ 14 gm™ day™! in R1 and 27.7 £22 g m™ day! in R2
(Table 4-2). Although R1 exhibited a numerically higher mean productivity, the large standard
deviations indicate considerable temporal variability, and no statistically significant
differences were detected between the two systems. These results suggest that both
continuous and intermittent mixing supported comparable biomass yields, reflecting the

capacity of HRAPs to sustain robust algal growth under the tested operational conditions.
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Similar productivity levels were reported by Sanchez Zurano, Garrido Cardenas, et al. (2020),
who observed photoautotrophic biomass yields ranging from 26.6 to 45.9 g m™? day™! in thin-
layer photobioreactors treating wastewater, emphasizing the dominance of autotrophic
metabolism and the feasibility of maintaining stable production under variable environmental

conditions.

No statistically significant differences were observed between the continuously mixed (R1)
and intermittently mixed (R2) reactors in terms of total suspended solids (TSS) or chlorophyll
a concentration (Table 4-2). TSS values averaged 958 £ 0.4 mg L' in R1 and 873 £ 0.6 mg L
''in R2, while chlorophyll a concentrations were 2.2 and 2.1 mg L', respectively. These
results are consistent with those reported by Butterworth and Fallowfield (2024), who found
no significant differences in algal biomass between HRAPs under continuous and intermittent
mixing. Despite favoring sedimentation, the daytime mixing in R2 was sufficient to maintain

biomass suspension and light access, supporting a photosynthetic activity similar to that found

in R1.

Table 4-2 - Percentages of COD, TOC, IC, TN, N-NH4", and concentrations of biomass productivity
during the operation of the two HRAPs: R1 (continuously mixed) and R2 (intermittantly mixed)

(avg £ sd).
Removal efficiences (%) Microalgal biomass
COD TOC IC TN  N-NH," TSS Productivity ~ Chlorophyll a
(=5) (=5 (n=5) (n=5) (n=9) (mg L) (gm?d") (mg L)
(n=6) (n=6) (n=1)
Rl 59+6 42+7 39+£12 82+£1 97+2 958+ 0.4 34.6 + 14 2.2
R2 50+5 35+6 37+£5 77+£3 97+2 873+£0.6 27.7+22 2.1

Microscopic analysis revealed that Chlorella sp. was the predominant microalga in both
reactors throughout the experimental period, consistent with its known adaptability to high-
rate algal pond (HRAP) conditions (de Cassia Soares Brandao, Oliveira, et al., 2023).
Intermittent mixing did not substantially alter the species composition, indicating that both
operational regimes supported a stable algal consortium capable of sustaining efficient
organic matter removal and disinfection processes. This dominance aligns with global trends,
as Chlorella sp.is the most widely employed genus for wastewater bioremediation due to its
resilience and capacity to form consortia with other microalgae and bacteria, enhancing

nutrient and contaminant removal (Abuhasheesh, Ghazal, et al., 2025).
CONCLUSIONS

The present study demonstrated the effectiveness of High-Rate Algal Ponds (HRAPs)
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operated with intermittent agitation for domestic wastewater treatment, with a focus on
surfactant and pathogen removal. The results confirm that intermittent agitation is a viable
and efficient operational strategy that does not compromise treatment performance. Surfactant
removal efficiencies exceeded 90% (89 + 7% under continuous mixing and 90 £ 6% in under
intermittent mixing), with final effluent concentrations consistently below 2 mg L1, while
Escherichia coli inactivation exceeded 97% (97.6 £1.5% in R1 and 97.9 £ 1.2% in R2),
confirming the effectiveness of photo-driven and alkaline-mediated disinfection mechanisms
even when mixing was reduced. Biomass productivity was maintained at satisfactory levels
(0.87+£0.5 g TSS L), indicating that microalgal growth was not negatively affected by
intermittent mixing. These findings highlight the potential of HRAPs with intermittent
agitation as a low-energy, effective solution for decentralized wastewater treatment,

promoting sustainable water management.
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CHAPTERS :
CONCLUSIONS AND RECOMMENDATIONS

This research demonstrated that High Rate Algal Ponds (HRAPs) integrating microalgae—
bacteria consortia are highly effective in removing priority contaminants from domestic
wastewater under tropical conditions, while simultaneously producing biomass with potential
value. The study provided new insights into how cultivation strategies, feeding regimes, and
mixing operations influence pollutant removal mechanisms, biomass characteristics, and

energy requirements.

Batch-scale experiments revealed that the combination of microalgae and bacteria achieved
the highest removal efficiencies of anionic surfactants, reaching up to 97% under controlled
pH, CO:; supplementation, and atmospheric aeration. Light availability and the addition of an
organic carbon source also played a role in shaping biodegradation pathways, while systems

operated with microalgae or bacteria alone exhibited lower and less consistent performance.

Semi-continuous feeding regimes enhanced biomass productivity and the accumulation of
total suspended solids, suggesting their potential for biomass valorization strategies. In
contrast, continuous regimes improved nutrient removal and provided greater operational
stability, though at the expense of reduced Escherichia coli inactivation. These findings
indicate that feeding strategies must be tailored to the intended objectives of the system,

whether prioritizing biomass production or effluent quality.

Intermittent mixing emerged as a promising energy-saving strategy, maintaining high
surfactant and pathogen removal efficiencies while reducing power consumption. The
preservation of biomass quality under intermittent conditions highlights its relevance for

large-scale applications in regions where energy costs are a limiting factor.

Overall, the results confirm that integrated operational adjustments are essential to optimize
HRAP performance, linking pollutant removal to cultivation dynamics and energy demand.
This study provides a technical basis for adapting and scaling HRAPs in tropical settings,

highlighting their significant potential as sustainable wastewater management solutions.
Potentials and Prospection

The results highlight the promising potential of HRAPs as sustainable wastewater
management solutions. In addition to improving effluent quality, these systems enable the co-

production of biomass that can be valorized as biofertilizers, bioenergy feedstock, or other
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high-value bioproducts, contributing to resource recovery and circular economy strategies.
HRAPs offer operational flexibility through adjustable feeding regimes, mixing patterns, and
aeration, allowing systems to be tailored to specific treatment objectives, from maximizing
pollutant removal to enhancing biomass productivity. Future work should focus on evaluating
energy-efficient operations, scaling strategies, and techno-economic feasibility to support

broader adoption of HRAP technology.
Application Scenarios

HRAPs can be implemented across a variety of settings depending on treatment goals and
available resources. In rural and peri-urban communities, they provide decentralized treatment
with safe effluent discharge and local biomass reuse. In urban contexts, HRAPs can serve as
secondary treatment alternatives to reduce reliance on energy-intensive activated sludge
systems or as tertiary polishing steps to enhance nutrient removal and pathogen reduction
before reuse or discharge. Integration with downstream processes, such as anaerobic digestion
or nutrient recovery, can further improve system efficiency and resource recovery. In energy-
limited scenarios, strategies such as intermittent mixing and optimized feeding enable
effective operation with reduced power demand. Pilot projects in industrial or municipal
facilities can help refine design parameters and guide scale-up strategies for wider

implementation.
Recommendations

1. Adopt microalgae—bacteria consortia as the standard configuration to maximize

surfactant and pathogen removal.

2. Use semi-continuous feeding regimes to enhance biomass productivity. Alternatively,
use a continuous regime when nutrient removal and system stability are the main

priorities.

3. Implement pH control and CO: supplementation to promote surfactant

biodegradation and improve overall treatment efficiency.

4. Employ intermittent mixing as an energy-saving strategy without compromising

treatment performance or biomass quality.

5. Conduct pilot-scale studies integrating hydrodynamic parameters (water depth,

hydraulic retention time) to refine design criteria for tropical regions.
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6. Advance techno-economic assessments and regulatory frameworks to support the

incorporation of HRAPs as nature-based solutions for domestic wastewater treatment.



