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Resumen

En la actualidad, el rapido crecimiento de la poblacion humana sumado al uso masivo
de combustibles fosiles estd provocando la emision descontrolada de grandes
cantidades de aguas residuales y gases de efecto invernadero que amenazan la
sostenibilidad ambiental del planeta. Esta situacion estd motivando un incremento en
la investigacion en procesos de bajo coste y ambientalmente sostenibles para el control
eficiente de la contaminacion. En este contexto, las aguas residuales domésticas o los
efluentes procedentes de la digestion anaerobia de residuos, se caracterizan por su alta
carga en nitrogeno (N) y fésforo (P), los cuales deben ser retirados del agua residual
antes de su descarga para evitar la contaminacidon y eutrofizacion de las aguas
naturales. A dia de hoy, se dispone de una amplia gama de tecnologias destinadas a la
eliminacidon de nutrientes en las estaciones depuradoras de aguas residuales (EDARs)
basadas en procesos fisico-quimicos y bioldgicos. Sin embargo, el tratamiento de aguas
residuales (TAR) a menudo implica altos costes tanto de inversién como de operacion,
lo que limita la completa recuperacion de los nutrientes contenidos en el agua residual.
En este escenario, los procesos bioldgicos alga-bacteria se han establecido como una
tecnologia de TAR econdmica y sostenible, basada en la simbiosis entre ambos
microorganismos. La capacidad de las microalgas para eliminar de forma simultdnea
carbono (C) (organico (CO) e inorganico (CI)), N y P via asimilacion mixotroéfica,
sumado a la oxigenacion fotosintética capaz de soportar la oxidacion bioldgica de la
materia orgdnica y NH4", representan ventajas clave en comparacion con las
tecnologias de TAR convencionales. No obstante, aun existen limitaciones técnicas y
microbioldgicas que limitan la aplicacion generalizada del TAR con algas y bacterias.
La identificacion de estas limitaciones y el desarrollo de soluciones para superar las
mismas serdn decisivos a la hora de consolidar esta biotecnologia sostenible para el

TAR.

En esta tesis, el potencial de la simbiosis entre algas y bacterias durante el TAR en
términos de eficiencia y sostenibilidad ambiental durante el tratamiento de la
contaminacion, se ha evaluado mediante balances de materia al C, N y P con el objetivo
de desarrollar nuevas estrategias de operacion y configuraciones de fotobiorreactores

que puedan contribuir a superar las principales limitaciones de esta biotecnologia.



En el Capitulo 3, se lleva a cabo un estudio fundamental del metabolismo mixotréfico
bajo condiciones de estrés (crecimiento bajo largos periodos de luz (aerobios)-
oscuridad (anaerobios) y en ausencia de nutrientes) de un cultivo axénico de Chlorella
sorokiniana y un consorcio alga-bacteria mediante balances de materia al C, Ny P. La
hidrdlisis de la glucosa a acidos grasos volatiles durante el periodo de oscuridad,
solamente tuvo lugar en los consorcios alga-bacteria, lo cual supuso una mayor
eliminacion de CO, N-NHs* y P-PO4+? durante las subsiguientes etapas de luz en
comparacion con los cultivos axénicos de C. sorokiniana, poniendo de manifiesto la
funcion simbidtica del metabolismo bacteriano durante el TAR. Por otra parte, la
ausencia de N y P promovi¢ la asimilacion de C-acetato y C-glucosa, lo que supuso un
aumento considerable tanto en la productividad de la biomasa como en el contenido de
carbohidratos en C. sorokiniana y en los consorcios alga-bacteria, al tiempo que
demostré la versatilidad metabodlica de los consorcios alga-bacteria bajo distintas
condiciones de estrés. Estos resultados confirmaron el potencial de la simbiosis entre
algas y bacterias indigenas como plataforma tecnoldgica para consolidar el TAR unido

a la produccion de energia basado en el uso de microalgas a escala industrial.

Algunas de las limitaciones técnicas que todavia dificultan la implementacién del TAR
con algas y bacterias a gran escala, estan relacionadas con su limitada capacidad para
eliminar de forma completa los nutrientes presentes en aguas residuales con bajos
ratios C/N, o con la baja capacidad de sedimentacion de algunas especies de
microalgas, lo que conlleva a una concentracion de solidos suspendidos totales (SST)
en los efluentes de estos procesos mayor que la permitida por la ley Europea de
vertidos. En el Capitulo 4 se evalia, mediante balances de materia al C y N, tanto la
eficiencia de eliminacién de C y N, como la capacidad de sedimentacion de la biomasa
de un novedoso fotobiorreactor andxico-aerobio de algas y bacterias con recirculacion
de biomasa. En estas condiciones, la simbiosis entre algas y bacterias, implementada
en esta innovadora configuracion de fotobiorreactor permitié obtener unas altas
eficiencias de eliminacién de CO (86-90%), CI (57-98%) y N total (68-79%) con un
tiempo de residencia hidraulico de 2 dias y un tiempo de residencia del fango de 20
dias. La intensidad y el régimen de luz, junto con la concentracion de oxigeno disuelto

en el medio, controlaron el alcance de los mecanismos de eliminacién asimilatorios o
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desasimilatorios del N. La produccion de N-NOs fue despreciable a pesar de las altas
concentraciones de Oz, lo que dio como resultado una desnitrificaciéon tnicamente
basada en la reduccion de NOz2. La recirculacion de biomasa dio lugar a una rapida
sedimentacion de los floculos de biomasa algal y por tanto a una concentracion de SST
en el efluente por debajo de la maxima exigida por la ley Europea de vertidos.

El suministro externo de CO: en cultivos alga-bacteria puede aportar el C adicional
requerido para mejorar la eliminacion de los nutrientes por asimilacion durante el TAR
con bajos ratios C/N. En este escenario, el biogas obtenido a través de la digestion
anaerobia de la biomasa algal, puede ser depurado mediante la fijacion fotosintética
del CO: contenido en el mismo. El Capitulo 5 se centra en el estudio, mediante
balances de materia al C, N y P, de los mecanismos de eliminacién involucrados en la
captura simultanea de CO: del biogas, y la eliminaciéon de C y nutrientes de digestatos
diluidos en un High Rate Algal Pond (HRAP) de 180 L interconectado con una
columna de absorcion. En este estudio, la baja intensidad luminica aportada al sistema,
junto con la baja velocidad de recirculacion de liquido desde el HRAP a la columna de
absorcion, conllevd una baja absorcion de C-CO: (55%) y una baja productividad de
biomasa de 2.2 g/m?>-d. A pesar de la baja intensidad de luz, esta eliminaciéon de C-CO:
del biogas supuso un aumento en el contenido energético del mismo del 19%, lo que
demuestra el potencial de este proceso combinado de TAR con depuracion del biogas.
De la misma forma el CI disponible en el caldo de cultivo control6 de forma directa la
cantidad de nutrientes eliminados por asimilacion. En este contexto, la baja intensidad
luminica representd una ventaja competitiva para las bacterias nitrificantes (solo un
14% del N de entrada fue transformado en Nbiomasa), siendo la nitrificacion el principal
mecanismo de eliminacion de NH4+*, con un 47% del N-NHz4* a la entrada transformado
en N-NOs. Del mismo modo, se planteé como hipdtesis una acumulacion de P por
encima de los requerimientos estructurales como consecuencia de la limitaciéon de luz y
del elevado contenido en P estructural (2.5%), lo que resulté en una eliminacion de P-
POs+? como biomasa del 77%. Por lo tanto, la intensidad luminica y el tiempo de
residencia del biogéas en la columna de absorcion se identificaron como parametros
clave de operacion durante el proceso simultaneo de TAR y depuracion de biogas con

microalgas.
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Ademas, la sostenibilidad del TAR basado en microalgas, puede ser mejorada en
términos energéticos mediante la digestion anaerobia de la biomasa cosechada durante
el proceso de tratamiento. En el Capitulo 6 se lleva a cabo un estudio del sistema
integrado crecimiento-digestion anaerobia de biomasa algal utilizando balances de
materia y energia. La biomasa algal fue previamente cultivada bajo condiciones
fotoautotrdficas o mixotroficas. Los resultados mostraron que = 50% del C inicial en
forma de biomasa fue hidrolizado y transformado mayoritariamente en biogas (90%
del C hidrolizado), con una composicion del 30% (v/v) de CO:y del 70% (v/v) de CHa.
El 10% restante del C hidrolizado aparece como CO y CI disuelto tras la digestion
anaerobia de la biomasa cultivada de forma fotoautotrofica y mixotrdfica. El CHa
contenido en el biogas representdé mas del 50% de la energia quimica fijada como
biomasa durante la etapa de cultivo microalgal. Estos resultados sugieren que tanto el
grado de la hidrodlisis de biomasa, como la composicion del biogds, no estuvieron
influenciados por las condiciones de cultivo de la microalga digerida, poniendo de
manifiesto el potencial de la digestion anaerobia como una de las alternativas mas

economicas y eficientes en la valorizacion energética de las microalgas.

Finalmente, la capacidad de las microalgas y las bacterias asociadas para sintetizar N-O
durante el TAR pueden comprometer la sostenibilidad ambiental de esta biotecnologia.
Por tanto, con el objetivo de evaluar el impacto de la produccion de N:2O en la huella de
C en los procesos de TAR con algas y bacterias, se cuantificaron las emisiones de N2O
en dos sistemas: un HRAP (Capitulo 7) y un fotobiorreactor anoxico-aerobio (Capitulo
4). E1 HRAP mostr6 un factor de emision durante 24 horas de 4.7 x 10-° g N-N20O/g N-
entrada con una carga tipica de 7.1 g N/m>eactorrd. De la misma forma, las emisiones
durante el TAR en el fotobiorreactor andxico-aerobio presentaron un valor de 5.2 x 10
g N-N20/g N-entrada con una carga de 50 g N/m?eactord. Los factores de emisién de
N20 obtenidos en ambos estudios fueron significativamente menores que los
reportados tipicamente en EDARs convencionales (IPCC), lo que confirmé que las
emisiones de N2O en sistemas alga-bacteria no comprometen la sostenibilidad
ambiental de los TAR en lo que respecta a su contribucion en el calentamiento global

del planeta.

v



Abstract

The uncontrolled discharge of large amounts of wastewaters and greenhouse gases
mediated by the rapid increase in human population and the massive use of fossil fuel
resources are strongly threatening today’s global environmental sustainability. These
environmental challenges are motivating research on low cost, environmentally
friendly and resource efficient pollution control technologies. In this context, domestic
wastewaters or anaerobic digestion effluents are characterized by their high loads of
nitrogen (N) and phosphorus (P), which must be treated before discharge to avoid
water pollution and eutrophication of natural water bodies. A wide range of
technologies is nowadays available for nutrient removal in wastewater treatment
plants (WWTPs) based on both physical-chemical and biological processes. However,
conventional wastewater treatment (WWT) often entails high investment and
operational costs, which do not allow for a complete recovery of the nutrients
contained in the wastewater. In this regard, algal-bacterial processes have emerged as a
cost-effective and sustainable WWT technology based on the synergistic relationships
established between microalgae and bacteria. The capacity of microalgae to
simultaneously remove carbon (C) (organic (OC) and inorganic (IC)), N and P via
mixotrophic assimilation, together with the in-situ photosynthetic oxygenation capable
of supporting the biological oxidation of organic matter and NHs*, represent key
advantages in comparison with conventional WWT technologies. Nevertheless, there
are still several technical and microbiological limitations that hinder the widespread
implementation of algal-bacterial-based WWT. The identification of those limitations
and the development of solutions to overcome them will be of key relevance in the

consolidation of this sustainable water pollution control biotechnology.

In the present thesis, the potential of the symbiosis between microalgae and bacteria
during WWT in terms of pollution treatment efficiency and environmental
sustainability was assessed using a C, N and P mass balance approach in order to
develop innovative operational strategies and photobioreactor configurations that

could eventually overcome the main limitations of microalgae-based WWT.



In the Chapter 3, a fundamental study of the mixotrophic metabolism under stress
conditions (growth under extended light (aerobic)-dark (anaerobic) cycles and nutrient
deprivation) of an axenic culture of Chiorella sorokiniana and a microalgal-bacterial
consortium was carried out and assessed using C, N and P mass balances. The
hydrolysis of glucose into volatile fatty acids during the dark periods occurred only in
microalgal-bacterial cultures and resulted in OC, N-NH4* and P-PO4+?® removals in the
subsequent illuminated periods higher than in C. sorokiniana cultures, which
highlighted the symbiotic role of bacterial metabolism during WWT. On the other
hand, N and P deprivation boosted both C-acetate and C-glucose assimilation and
resulted in unexpectedly high biomass productivities and carbohydrate contents in
both C. sorokiniana and the microalgal-bacterial cultures, which demonstrated the high
metabolic flexibility of algal-bacterial consortia under different stress conditions. These
results confirmed the potential of indigenous microalgae-bacteria symbiotic consortia
as a platform technology to consolidate an industrial scale microalgae-to-bioenergy

technology based on WWT.

Some of the main technical limitations that hinder the full-scale implementation of
algal-bacterial WWT technologies derive from their limited performance to completely
remove all nutrients present in wastewaters with a low C/N ratio or from the poor
sedimentation capability of some microalgae species that results in effluent total
suspended solid (TSS) concentrations above the maximum EU discharge limits. In
Chapter 4, the C and N removal efficiency and biomass sedimentation capability of a
novel anoxic-aerobic algal-bacterial photobioreactor with biomass recycling was
evaluated using C and N mass balances. In this context, algal-bacterial symbiosis,
implemented in this innovative nitrification-denitrification photobioreactor
configuration supported efficient OC (86-90%), IC (57-98%) and total N (68-79%)
removals at a hydraulic residence time of 2 days and a sludge retention time of 20
days. The intensity and regime of light supply along with the dissolved oxygen
concentration governed the extent of the assimilatory and dissimilatory N removal
mechanisms. Unexpectedly, N-NOs production was negligible despite the high

dissolved O: concentrations, denitrification being only based on NO: reduction.

VI



Biomass recycling resulted in rapidly settling algal flocs and TSS concentrations below

the EU maximum discharge limits.

An external CO: addition into the algal-bacterial cultivation broth can provide the
additional C source required to boost nutrient removal by assimilation during the
treatment of wastewaters with a low C/N ratio. In this regard, the biogas obtained from
the anaerobic digestion of the algal-bacterial biomass could be upgraded by capturing
the CO2 contained in the biogas via photosynthesis. Chapter 5 was focused on the
evaluation of the removal mechanisms involved in the simultaneous capture of CO2
from a simulated biogas and removal of C and nutrients from diluted centrates in an
indoor 180-L High Rate Algal Pond (HRAP) interconnected to an absorption column
using also a C, N and P mass balance approach. In this study, the low impinging
irradiation used in the HRAP together with the low liquid recirculation rate from the
HRAP to the absorption column resulted in a low C-CO: absorption (55%) and
consequently in a low biomass productivity of 2.2 g/m?d. Despite the low light
intensity, this C-CO: removal from biogas entailed an increase of 19% in the biogas
energy content, which highlighted the potential of this combined WWT-biogas
upgrading process. Likewise, IC availability in the culture broth directly controlled the
extent of nutrient removal via assimilation. In this context, the low irradiation
provided a competitive advantage to nitrifying bacteria over microalgae (only 14% of
the N input was converted to Nbiomass), nitrification being the main NHi* removal
mechanism with a 47% of the N-NH4* input transformed into N-NOs-. Similarly, a
luxury uptake of P mediated by light limitation was hypothesized based on the high P
biomass content (2.5%), which resulted in a P-POs? removal as biomass of 77%.
Therefore, the light intensity in the HRAP and biogas residence time in the absorption
column were identified as key operational parameters during the simultaneous

microalgae-based biogas upgrading and WWT.

In addition, the sustainability of microalgae-based WWT can be improved in terms of
energy recovery via anaerobic digestion of the biomass harvested during WWT. In this
context, an evaluation using mass and energy balances of the integrated microalgae

growth-anaerobic digestion process was performed in Chapter 6. The microalgae were
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previously cultivated under photoautotrophic and mixotrophic conditions. The results
showed that = 50% of the initial C as biomass was hydrolyzed and mainly found as
biogas (90 % of the hydrolyzed C) containing 30% (v/v) of CO2 and 70% (v/v) of CHa,
while the dissolved OC and IC only represented 10% of total final C after anaerobic
digestion of both photoautrophically and mixotrophically-grown microalgae. The CH4
contained in the biogas accounted for an energy recovery of up to 50% from the
chemical energy fixed as biomass during microalgae cultivation. These results
suggested that the extent of biomass hydrolysis and biogas composition were not
influenced by microalgae cultivation mode and demonstrated the potential of
anaerobic digestion as one of the most cost-effective routes for the energy valorization

of microalgae.

Finally, the benefits brought about by the use of wastewater as a source of nutrients
and water might be compromised by the ability of microalgae and associated bacteria
to synthesize N:0, which can jeopardize the environmental sustainability of
microalgal-bacterial WWT biotechnologies. Thus, in order to assess the impact of N20
production on a net greenhouse gas mass balance, N2O emissions were quantified in
two different algal-bacterial WWT systems: a HRAP (Chapter 7) and an anoxic-aerobic
photobioreactor (Chapter 4). A 24-hr average emission factor of 4.7 X 10° g N-N20/g
N-input was recorded from HRAP cultures sampled under a typical N-loading of 7.1 g
N/m3reactord. Likewise, the quantification of the N20 emissions from the algal-bacterial
nitrification-denitrification photobioreactor revealed that this system only generated
significant N2O emissions in the photobioreactor, which resulted in average N2O
emission factor of 5.2 X 10 g N-N20/g N-input under a N-loading of 50 g N/m?reactord.
Therefore, the N20 emission factors obtained in both studies were significantly lower
than the IPCC emission factors reported for conventional WWTPs, which confirmed
that N2O emissions from these algal-bacterial photobioreactors should not compromise

the environmental sustainability of WWT in terms of global warming impact.
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Introduction Chapter 1

1.1. A brief introduction to the performance and sustainability of algal-

bacterial processes for pollution control

The current scenario of rapid increase in urban population worldwide is generating
very large amounts of domestic wastewater and greenhouse gases such as carbon
dioxide (COz) or nitrous oxide (N20), which represent two of the major challenges to
the global environmental sustainability nowadays. Domestic wastewaters or anaerobic
digestion effluents are characterized by their high loads of nitrogen (N) and
phosphorus (P), which must be treated before discharge to avoid water pollution and
eutrophication of rivers and lakes. A wide range of techniques is nowadays available
for nutrient removal in wastewater treatment plants (WWTPs), which are based on
both physical-chemical mechanisms and biological processes involving different
combinations of anaerobic, aerobic and anoxic stages. Unfortunately, these techniques
often entail high investment and operational costs and do not allow frequently for a
recovery of nutrients (Ruiz-Martinez et al., 2012). In this context, the main limitation of
conventional biological nutrient removal technologies in WWTPs is the lack of enough
C to completely remove by assimilation the N or P present in the wastewater (Arbib et
al.,, 2014; Dominguez et al., 2013). Algal-bacterial symbiosis can support a cost-effective
and sustainable wastewater treatment (WWT) due to the capacity of microalgae to
simultaneously remove C (organic and inorganic)) N and P via mixotrophic
assimilation (Chapter 3), which coupled with microalgae luxury P uptake, results in
high C, N, and P removals at relatively short hydraulic retention times (HRTs) (Arbib
et al., 2014, Powell et al.,, 2008). In addition, the in-situ photosynthetic oxygenation
provided by microalgae can support the microbial oxidation of recalcitrant and toxic
organic contaminants and reduce the costs and environmental impacts associated with
conventional mechanical aeration in activated sludge systems (Chae and Kang, 2013;
Mufoz and Guieysse, 2006). The high pH and dissolved O: concentrations induced by
microalgal photosynthesis can also enhance heavy metal removal and trigger pathogen
deactivation (Heubeck et al.,, 2007; Mufioz and Guieysse, 2006). Microalgae-based
WWT systems must be designed and operated to optimize light and inorganic carbon

(IC) supply, while minimizing construction and operation costs (Mufoz and Guieysse,
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2006; Tredici, 2004), High Rate Algal Ponds (HRAPs) being so far the most cost-

effective microalgae-based WWT photobioreactor configuration (Lehr and Posten,

2009; Park et al., 2011a).

On the other hand, the exhaustion of fossil fuel resources and CO: accumulation in the
atmosphere as a result of industrial anthropogenic activities are strongly motivating
research on innovative renewable energy sources and CO: mitigation strategies
(Wilbanks and Fernandez, 2014). In this context, microalgae have the ability to mitigate
greenhouse emissions by photosynthetically fixing 1.8 kg of CO: per kg of biomass
photosynthesized. Photoautotrophic microalgae growth can support both the
mitigation of greenhouse emissions by capturing CO: from industrial gas emission and
the removal of nutrients from wastewaters with a low C/nutrient ratio such as livestock
and anaerobic effluents (De Godos et al., 2010; Park and Craggs, 2010; Singh et al,,
2011). In this context, the supply of biogas (Chapter 5) or flue gas to HRAPs could
eventually provide the additional C source (as CO2) required for nutrient removal by
assimilation, which results in a significant production of biomass. The microalgal
biomass generated during WWT could be further used as slow nutrient release
fertilizer (Mulbry et al.,, 2005) or transformed into biofuels following lipid trans-
esterification (biodiesel), fermentation (bioethanol or biohydrogen) or anaerobic
digestion (biomethane) (Chapter 6), thus increasing the economic and environmental
sustainability of this platform WWT biotechnology via recovery of nutrients and/or
energy. In this regard, anaerobic digestion (AD) appears as one of the less energy
intensive and most environmentally friendly alternatives for biofuel production based

on its low nutrient and water footprint (Ehimen et al., 2011; Sialve et al., 2009).

However, despite the above mentioned advantages, microalgae-based wastewater
treatment processes still present severe technical limitations that hinder their full-scale
implementation such as i) the lack of systematic empirical studies quantitatively
evaluating the metabolism of microalgae and microalgae-bacteria consortia under
different stress conditions (Chapter 3) ii) the limited performance to completely
remove all nutrients in wastewaters with a low C/N ratio (Chapter 4 and 5), iii) the

poor sedimentation ability of some microalgae species that results in effluent total
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suspended solid concentrations above the maximum EU discharge limits (Chapter 4),
iv) the limited knowledge on the nutrient and energy recovery during the anaerobic
digestion of the microalgae produced from WWT (Chapter 6), or v) the ability of
microalgal-bacterial cultures to synthesis N2O, which could eventually jeopardize the
environmental sustainability of these processes (Chapter 4 and Chapter 7). In this
thesis, the performance of microalgae-based WWT in terms of C, N and P removal was
assessed under different operational strategies and photobioreactor configurations
using a C, N and P mass balance approach. In addition, the environmental
sustainability of these configurations was also studied by quantifying and comparing
the N2O emissions and their associated CO: footprint with other WWT technologies.
Finally, the potential of microalgal biomass AD for energy production as CHs and

nutrient recovery was also assessed.

1.1.1. Microalgae-based wastewater treatment (WWT): The potential of algal-
bacterial symbiosis

Wastewater constitutes a free water and nutrients source for microalgae cultivation
capable of supporting microalgae productivities as high as conventional fertilized-
based media. Both domestic (Posadas et al., 2015), livestock (De Godos et al., 2009a),
agro-industrial (De Godos et al., 2010) and industrial wastewaters (Tarlan et al., 2002)
have been shown to support microalgae growth. In this context, the synergistic
relationship between microalgae (including cyanobacteria) and bacteria can support an
efficient and sustainable carbon and nutrient removal from wastewater based on the
symbiosis established between microalgae and bacteria. In addition, Chapter 3
demonstrated that algal-bacterial consortia presented a higher resilience under culture
stress conditions than axenic microalgae cultures, which highlighted the potential of
indigenous microalgae-bacteria symbiotic consortia as a platform technology to avoid
the high cost and technical limitations associated with the axenic cultivation of
microalgae in order to consolidate an industrial scale microalgae-to-biofuel technology
based on WWT. The potential and implications of metabolic pathways involved in C,

N and P removal in algal-bacterial based WWT are discussed below:
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1.1.1.1. Carbon removal in algal-bacterial systems

Eukaryotic microalgae and prokaryotic cyanobacteria (both commonly referred to as
microalgae) are capable of bioconverting CO: into microalgae biomass using the
electrons released during the light-dependent water photolysis as showed in equation

[1] (Masojidek et al., 2004):
CO, + H,0 + photons + nutrients - 0, + CH1.63N0.1400.43P0.006S0.005 + waste heat [1]

In this context, microalgal biomass contains approximately 43-56% of carbon (Arbib et
al., 2014; Sydney et al., 2010), 1.8 kg of CO: being approx. required per kg of microalgae
produced (Chapter 6; Chisti, 2007, Lardon et al., 2009). Despite the inhibitory CO2
concentration thresholds in microalgae are strain specific, tolerances to CO2
concentrations of up to 50% have been reported in Scenedesmus Obliquus strains (Arbib
et al., 2014; Lam et al., 2012). The high tolerance of some microalgae species to CO,
together with their year-round production, result in a CO: conversion efficiency = 10-50
times higher than terrestrial plants (Li et al., 2008). Moreover, some microalgae are able
to obtain the carbon and energy required for growth from organic substrates in the
absence of photosynthesis. Thus, the varied spectrum of microalgae nutritional
strategies allows both mixotrophic (simultaneous assimilation of organic and inorganic
carbon during the photosynthetic process) and heterotrophic growth (use of organic
carbon as carbon and energy source to synthesize new cellular material) (Barsanti and
Gualteri, 2006). Thus, the complex interactions between microalgae and bacteria during
WWT (Figure 1) can support an efficient removal of organic and inorganic carbon,

nutrients, heavy metals, recalcitrant compounds and pathogens (Mufioz and Guieysse,
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Figure 1. Principle of photosynthetic oxygenation (C-DOC = dissolved organic carbon).
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During wastewater treatment, photosynthetic oxygenation, together with microalgal
heterotrophic metabolism, can boost the oxidation of the organic matter (O.M.) and
ammonium present in the wastewater. This is especially relevant during industrial
WWT due to the fact that many recalcitrant and toxic contaminants are much easier to
degrade aerobically than anaerobically (Mufioz et al., 2004). In addition, the capacity of
microalgae to simultaneously remove C (organic and inorganic) via mixotrophic
assimilation entails a high nutrient assimilation potential mediated by the high
microalgae productivities (as a result of the assimilation of both wastewater alkalinity
and the CO: released from O.M. oxidation) (Mufioz and Guieysse, 2006). Moreover, the
in-situ generation of dissolved oxygen in the cultivation broth can reduce WWT
operation costs (up to 50% of the total operation cost in activated sludge WWTPs is
associated with mechanical O: supply) and minimize the stripping of hazardous
pollutants associated with mechanical aeration (Chae and Kang, 2013). Photosynthetic
oxygenation, which depends on the illuminated area, microalgae concentration,
temperature and solar irradiation, constitutes a key design parameter determining the

minimum HRT required for consistent carbon removal from wastewater (Figure 2).

H RAP Minimum HRT required = 4 days | | Minimum HRT required = 1.3 days |
H~03m 1.5g0; Treated
Wastewater 20gAlgae/m>d | galga 100 g 0, + 50g0, || 150g0, | effluent
Medium strength: (typical depth [ e m3-d : m-d | m3-d
200 g 0,/m?BOD | and productivity) . :
PHOTOSYNTHETIC OXYGENATION MAXIMUM
ATMOSPHERIC
OXYGENATION

Figure 2. HRT required for the stabilization of the O.M of a medium strength domestic
wastewater with and without photosynthetic oxygenation.

HRAPs constitute the most common photobioreactor configuration used for
wastewater treatment due to their ease of construction and operation, low operation
costs and consistent O.M. removal (Biochemical Oxygen Demand (BOD) and Chemical
Oxygen Demand (COD) removals of 95-98% and 80-85%, respectively) (Buelna et al.,
1990, Posadas et al., 2015). Hence, the minimum HRT theoretically required for
stabilizing 200 g BOD/m® in a HRAP with a typical depth of 0.3 m would be
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approximately 4 days (i.e. a surface loading of 0.075 m® wastewater/m? land-d) when

process oxygenation was only provided by O: diffusion from the atmosphere.
However, this HRT decreases to 1.3 days (0.23 m® wastewater/m? land-d) when active
photosynthetic oxygenation supplies the oxygen demand (typically 1.5 g of Oz per g
alga cultivated when ammonium is the only N source) assuming a microalgae

productivity of 20 g algae/m?-d (Figure 2).

1.1.1.2. Nutrient removal in algal-bacterial systems

Three mechanisms have been identified as the main responsible for nutrient removal in

algal-bacterial photobioreactors:

1.1.1.2.1. Assimilatory nutrient removal

Microalgae use solar energy to assimilate simultaneously C-CO2, N and P in the form
of new algae biomass during both secondary and tertiary treatment, resulting in a
nutrient-free effluent with a high dissolved oxygen concentration. The content of N
and P in microalgae ranges from 6.6 to 9.3% (Chisti, 2007; Oswald, 1988) and from 0.2
to 3.9 (Powell et al., 2009), respectively. The large variability in P content is likely due
to the occurrence of a luxury phosphorus uptake in some microalgae species. Indeed,
the content of P in microalgae is the result of the intracellular P stored as
polyphosphate (luxury uptake) and the P assimilated for direct cell growth (structural
P) (Powell et al., 2008, 2009). During luxury uptake, P is accumulated over structural P
requirements in the form of energy storing polyphosphates, similarly to Polyphosphate
Accumulating Organisms (PAOs) during enhanced biological phosphorus removal
(EBPR). During EBPR, PAOs are first exposed to an anaerobic environment that
promotes the intracellular organic carbon storage as polyhydroxybutyrate (PHB). The
hydrolysis of intracellular polyphosphate reserves generates the energy required for
anaerobic carbon uptake and intracellular PHB synthesis. Phosphorus removal from
the cultivation broth occurs aerobically when the PAOs (using PHB reserves also for
energy production, growth and cellular maintenance) take back both the excess of P
released anaerobically and the P initially present in the wastewater (Coats et al., 2011).
Microalgae luxury P uptake depends on the dissolved P-POs? concentration, the light

intensity and the temperature during microalgae cultivation (Powell et al, 2008, 2009).
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In this context, the study performed in Chapter 3 showed different metabolisms when
axenic Chlorella vulgaris and microalgal-bacterial cultures were exposed to prolonged
dark (anaerobic)-light (aerobic) cycles. Indeed, the release of P-PO4? by C. sorokiniana
during the dark stages, together with the decrease in P-POs? assimilation during the
subsequent light periods, induced a progressive decline in microalgal Pbiomass (from 1.5
% to 0.6 %). These results confirmed that microalgae, similarly to PAOs, can release P
under anaerobic conditions in the absence of light, but P’ assimilation in the subsequent
illuminated stages did not occur in a similar extent. In contrast, microalgae-bacteria
consortia did not release P to the cultivation medium during dark periods and
exhibited steady P-PO4+? removal rates during the illuminated stages, which explained
the constant Priomass content in the algal-bacterial biomass (= 1%). Despite microalgae-
bacteria consortia showed a higher resilience than C. sorokiniana to the absence of
energy supply during the extended dark stages, cultivation under extended dark-light
periods did not boost PHB accumulation neither in C. sorokiniana nor in the algal

bacterial consortium.

However, based on the fact that the operational control of EBPR processes is complex
and microalgae P luxury uptake as P removal technology is still in an embryonic
phase, the addition of chemical reagents such as aluminum and ferric salts for
phosphorus precipitation is often used in WWTPs (Beltran et al., 2009). Phosphorus
precipitation occurs when aluminum or ferric salts are added to the wastewater to
form insoluble precipitates that will be further removed by sedimentation or filtration.
In this context, aluminum (Al*) or ferric (Fe*) cations react with the soluble
phosphorus present in the wastewater as orthophosphate (POs) to form the

corresponding insoluble orthophosphate salt as showed in equations [2] and [3]:

Al*3 + 30H™ - Al(OH); [2]
Fe*t3 + 30H™ - Fe(OH); [3]

P removal by chemical precipitation is faster and easier to control and operate than
EPBR technology. However, chemical P precipitation can remove part of the COD
present in the wastewater, limiting nutrient removal by assimilation or nitrification-

denitrification, which may require the external supply of synthetic O.M. such as
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methanol (Beltran et al., 2009). In addition, when ferric salts are added directly into the

biological reactor to avoid additional treatment units (1-3 mol Fe per mol Pinit), the use
of the precipitation agent is limited as P removal only occurs at high pH (pH = 9).
Finally, salt addition unavoidably increases sludge generation, which must be treated
in order to separate the chemical agents if the sludge is to be applied for soil recovery,
which represents an environmental and economic disadvantage in comparison with

biological P removal technologies.

Assuming a nitrogen and phosphorous content in microalgae of 9% and 1%,
respectively, a HRT of 7-7.5 days would be required to completely remove via
assimilation the concentrations of N and P typically encountered in medium strength

domestic wastewater based on a microalgae productivity of 20 g algae/m?>-d (Figure 3).

HRT required = 7 days

Treated

Wastewater For H~ 0.3 m Ngomass=9% | 6gN— NHy effluent
40 g N-NHy-/m3 | 20 8Algae/med | T m-a >
- 4
(typical depth and
- -3 3

> gP-POs3/m productivity)

HRT required = 7.5 days

!

Treated
Psiomass = 1% S 0.67gP — PO;3 effluent
m3-d

Figure 3. Estimated minimum HRTs required for the treatment of N and P concentrations in a
medium strength domestic wastewater based on nutrient assimilation into microalgal biomass.

Therefore, the use of microalgae and bacteria during microalgae-based wastewater
treatment in HRAPs allows for a simultaneous C, N and P removal at relatively short
HRTs (3-10 days) (Posadas et al., 2015), which entails a considerable reduction in
HRT/land use compared to conventional stabilization ponds (= 15-30 days) (Kivaisi,
2001). Despite the HRTs during biological nutrient removal in activated sludge
processes are lower than those applied in HRAPs (= 12 hours) (Coats et al., 2011), the
energy required during these conventional mechanically aerated processes is

significantly higher than in microalgae-based WWT processes (section 1.3.).



Introduction Chapter 1

1.1.1.2.2. Abiotic nutrient removal

Microalgal photosynthesis brings along an increase in the pH of the cultivation broth
as a result of CO2 removal. This increase shifts the equilibrium of IC species towards
COs? (not available for many microalgae species) if the medium is not properly
buffered (equation [4]). N-NHs stripping occurs in open reactors operated at high pH
(Figure 4a) concomitantly with P-POs? precipitation in the presence of Ca*® cations
(which is removed from the wastewater in the form of Cas(OH)(POs)s) (Ruiz-Martinez
et al., 2012) (Figure 4b). The equilibria and reactions associated to the mechanisms of

abiotic N (equation [5]) and P (equation [6]) removal are defined as follows:

CO; (1) + H20 (1) & H2C03 & HCOs + H* & CO32 + 2H+ [4]
NH4* & NH; (1) + Ht & NH;3 (gas) [5]
3 HPO4% + 5Ca?t+ 4+ 40H- — Cas(OH)(PO4)3 + 3H20 [6]
a) Ammonia speciation b) Phosphoric acid speciation
100 + r 100 pH=pK, =2.15 pH=pK,, =720 pH=pK, =12.38
80 NH4+N - 80 :\? 100 ‘H3P04 HyPOy HPO% PO}
T 60 - </NH3 - 80 ® .§ 80 |
— — [
+‘ m % L
Z 40 Lo = - 60
pK=9.25 & 40r
20 \ F 20 ‘g 20 L
o < T T T R T T T - 0 0 e e iy oy G ey (3N
5 6 7 8 9 10 11 12 13 0 2 4 6 8 10 12 14
pH pH

Figure 4. NHs (a) and PO4?3 (b) speciation as a function of pH.

Thus, the control of pH during microalgae cultivation at = 7 maximizes C, N and P
removals by photosynthetic assimilation. At a neutral pH, inorganic C is mainly
present in the form of dissolved CO2 and HCOs" (assimilable carbon forms) while N is
retained in the aqueous phase as N-NH4", which prevents N-NHs emissions to the
atmosphere and favors its assimilation as structural N. Likewise P is incorporated into
the cell in the form of orthophosphate as structural P or stored as polyphosphates
(Powell et al., 2008, 2009). These assimilatory and abiotic mechanisms support N and P
removals in pilot-scale HRAPs of 90-99% and 95-99%, respectively, which highlights
the bioremediation potential of this low-cost algal-bacterial biotechnology (Arbib et al.,

2013a; De Godos et al., 2010; Posadas et al., 2015).



Introduction Chapter 1

1.1.1.2.3. Dissimilatory nutrient removal

The removal of nitrogen in conventional activated sludge systems is often carried out
by sequential nitrification-denitrification processes. Nitrification is the oxidation of N-
NHs* into N-NOz and N-NOs, which is conducted by chemolithotrophic aerobic
bacteria. This oxidation takes place in two consecutive stages: N-NHi* is initially
oxidized by Nitrosomonas and Nitrosococcus bacteria into N-NO2 (equation [7]), which is

further oxidized into N-NOs by Nitrobacter bacteria (equation [8]) (Rittmann

and McCarty, 2001).
NH4+ + 1.5 02 = NOy + H,0 + 2H+ [7]
NOy + 0.5 0; — NO5 [8]

N-NOz and N-NOs can be reduced to N2 by heterotrophic bacteria under anoxic
conditions during denitrification using the O.M. present in the wastewater as electron

donor as showed in equation [9] (Rittmann and McCarty, 2001).

8NOs + 5CH3COO0OH — 8HCO3 + 6H:0 + 2CO; + 4N; [9]

In microalgal-bacterial photobioreactors, this sequential process can occur
simultaneously due to the occurrence of diffusional gradients between the inner part of
the algal-bacterial flocs or biofilms and the culture broth. In this context, De Godos et
al., 2009b reported a total nitrogen removal efficiency of 94% in a 7.5-L enclosed
tubular biofilm photobioreactor fed with undiluted swine slurry at the highest swine
slurry loading rate tested (80 g TOC/m*-day and 89 g N-NHs"/m3-day) and 7 days of
HRT. This high and consistent N removal was likely mediated by the particular mass
transport mechanisms established in the biofilm structure (photosynthetic O2 and
TOC/NHs4* diffusing from opposite sides of the biofilm), which allowed both the
occurrence of a simultaneous denitrification-nitrification process (DO concentrations =
02 mg OL and 1 mg N-NOs/L) and the protection of microalgae at the
photobioreactor wall from any potential NHs-mediated inhibitory effect at the high pH

and high NHs loading rates applied.

On the other hand, a recent study carried out in our laboratory (Chapter 4) successfully

implemented a denitrification-nitrification process in a novel anoxic-aerobic algal-
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bacterial photobioreactor with biomass recycling (Figure 5), which enabled an efficient
removal of TOC (88%), IC (82%) and total nitrogen (TN) (75%) during synthetic

wastewater treatment at a HRT of 2 days based on a photosynthetically oxygenated

nitrification.
N, NOs, NOy
T ’ Treated
Wastewater T NH," effluent
- »( DENITRIFICATION »  NITRIFICATION [
TT NH, TBOD Photosynthetic O,
71 BOD

Rapidly Settling Flocs

Figure 5. Schematic of a nitrification-denitrification process implemented in algal-bacterial
photobioreactors

The availability of IC, governed by IC supply and microalgae activity, and the
dissolved oxygen concentration in the photobioreactor directly controlled the extent of
N removal by biomass assimilation or nitrification-denitrification dissimilatory
mechanisms. In addition, the biomass recycling from the bottom of the settler into the
anoxic tank resulted in the enrichment of rapidly settling algal flocs and low effluent

total suspended solid (TSS) concentrations.

1.1.1.3. Enhanced nutrient removal based on the additional supply of CO,

Nowadays, CO: emissions contribute approximately with 52% of the total global
warming potential (Wilbanks and Fernandez, 2014). CO: is readily available in the
atmosphere in concentrations of 0.03-0.06% (v/v). In this context, microalgae are
photoautotrophic microorganisms highly efficient to fix CO: into microalgae biomass
using solar energy, which can bring along two environmental benefits: i) the mitigation
of greenhouse emissions such as biogas from anaerobic digestion or flue gas from fossil
fuel combustion by capturing via photosynthesis the CO: released in these industrial
processes (0.191 kg CO:2 emitted per kWh of electricity produced, WWF Spain, January
2015), and ii) the removal of nutrients from wastewaters with a low C/N/P ratio, which
represents an important advantage in comparison with aerobic activated sludge or AD

technologies in terms of enhanced nutrient recovery and entails an added
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environmental benefit to the process in term of biomitigation of the eutrophication

potential of these type of wastewaters (Arbib et al., 2014; De Godos et al., 2010). In this
context, the low C/N/P ratio in most wastewaters (typically domestic wastewater or
raw centrates) (Table 1), compared to the algal-bacterial biomass composition ratio
(100/18/2), often limits the efficiency of nutrient removal in microalgae-based
wastewater treatment processes due to a carbon deficiency (Benemann, 2003; Posadas

etal., 2013).

Table 1. Carbon, nitrogen and phosphorus composition of different wastewaters.

T fFWW COD | TOC IC TN TP C:N:P1 Ref
eo :N: eference
P (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L)
Domestic WW
Low strenght 250 80 6 20 4 100:23:5 Rawat et al. (2011)
) 500 160 12 40 8 100:23:5 Rawat et al. (2011)
Medium 507 | 181 | 100 | 91 7 | 100:32:3 | Posadas et al. (2013)
strenght
412 155 100 92 11 100:36:4 Posadas et al. (2014)
High strenght 1000 290 24 85 15 100:27:5 Rawat et al. (2011)
Animal WW
Fish farm WW 678 161 65 31 19 100:14:6 Posadas et al. (2014)
Piggery WW? 9490 3390 - 1000 310 100:30:9 | De Godos et al. (2009a)
- 76 717 666 101 | 100:84:13 | Posadas et al. (2013)
Raw centrates?®
- 88 760 736 71 100:86:8 Chapter 5

Ratio calculated from the TC (TOC+IC), TN and total phosphorus (TP) concentrations.
2Recommended dilution in microalgae-based WW treatment of 20 fold.
SRecommended dilution in microalgae-based WW treatment of 8-10 fold.

In this regard, an external CO: addition into the mixed liquor can provide the
additional C source required to boost nutrient removal by assimilation and result in a
significant generation of biomass that could be further used as a feedstock for energy
production (Chapter 6, section 1.2) or high-added-value products (Chapter 3; Chisti,
2013). Moreover, CO:z addition would also prevent the rise in pH in the culture broth

mediated by photosynthetic activity, and therefore mitigate nitrogen losses by N-NHs

stripping and phosphorus precipitation.
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1.1.1.3.1. CO, from biogas

Biogas is produced during the AD of O.M. and is mainly composed by CHa (55-75%)
and CO: (25-45%), H2S (0.005-2%), and N2, Oz, or H: at trace level concentrations
(Serejo et al., 2015). Biogas must be upgraded in order to be transformed into
biomethane and achieve a composition similar to natural gas. Biomethane consists
typically of 95-99% methane and 1-3% CO,its final required concentration depending
on its intended use and the legislation of the country. In this context, biomethane
specifications for injection into natural gas grids in most EU countries require a CO:
content of less than 3%, whereas vehicle fuel specifications require a combined CO2-N2
content of 1.5-4.5% (Ryckebosch et al., 2011). Nowadays, there exist both physical-
chemical and biological methane enrichment technologies available to achieve the
biomethane required composition. In this context, photosynthetic biogas upgrading
allows the valorization of this CO: in the form of a valuable algal biomass by
photoautotrophically fixing the CO: contained in the biogas, with the concomitant
production of O: (Chapter 5). Thus, microalgae-based digestate treatment in HRAPs
represents an opportunity to simultaneously remove the CO: present in biogas and the
residual carbon and nutrients present in the digestates at low energy costs and
environmental impacts (Park and Craggs, 2010). Likewise, microalgae-based CO2
removal during biogas upgrading will result in lower transportation costs and a higher
biogas energy content (Chapter 5; Serejo et al., 2015). Provided a sufficient CO2 mass
transport from the biogas to the microalgal cultivation broth, the rate of CO: fixation,
which itself determines the maximum biogas loading rate to be applied to the
upgrading unit, is governed by environmental and microbiological factors such as light
availability, temperature, pH and dissolved O: and biomass concentration in the
cultivation broth. Thus, the photosynthetic CO: fixation rate linearly increases when
increasing light intensity up to a critical species-dependent saturation irradiance (200-
400 pE/m?s), remaining constant afterwards up to a critical photoinhibition value and
deteriorating subsequently as a result of the damage in the microalgal photosystem II
at high light intensities (Tredici, 2009). Biogas upgrading in algal-bacterial systems has
been implemented in tubular photobioreactors (Figure 6a), and HRAPs constructed

with additional biogas scrubbing units (Figure 6b), which were capable of removing
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CO: with efficiencies higher than 80 %, providing a biomethane with CHa

concentrations of = 90% at 1.5 L biogas/m?h and a L/G ratio of 10 (Mufoz et al., 2015;

Serejo et al., 2015).
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Figure 6. Schematic of algal-bacterial-based biogas upgrading in tubular photobioreactors (a)
and HRAPs equipped with an absorption column (b).
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In this regard, HRAPs are characterized by a simpler construction and operation and
less biofouling problems (Tables 2 and 3) than enclosed photobioreactors (Acién et al.,
2012; Craggs et al, 2012). However, HRAPs entail a poor light utilization efficiency (= 2
%) (Mufoz et al, 2015), a high water footprint by evaporation (= 6 L/m?-d) (Posadas et
al., 2015) and large land requirements (=~ 7 m?*/capita-d) (Alcantara et al., 2015) (Tables 2
and 3). Photobioreactor irradiance and biogas residence time in the absorption column
are key parameters during microalgae-based biogas upgrading in order to boost CO:
sequestration (Chapter 5). A direct biogas scrubbing in the photobioreactor (Figure 6a)

or a high biogas residence time in the absorption unit (Figure 6b) entails high O2
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concentrations in the upgraded biomethane (5-25 %), which constitutes one of the main
limitations of this novel biotechnology (Mufioz et al., 2015). In this context, the injection
of biogas in the gas grid is only allowed when the concentration of oxygen in the
biogas is below 0.3% (v/v) due to its associated explosion hazards according to the
Ministry of Industry, Energy and Tourism of Spain (BOE-A-2013-185). N2 stripping
from the cultivation broth would also result in N2 concentrations of 6-9% in the
upgraded biomethane, which does represent another technical limitation of the process
as biomethane regulations in some European countries such as Sweden, Spain or
Austria require CHs contents over 95 % (Huguen and Le Saux, 2010; Persson et al, 2006;
Serejo et al, 2015). Research on biogas upgrading in algal-bacterial processes is
currently focused on the minimization of both Oz and N: stripping from the microalgae
cultivation broth to the upgraded biomethane. In this context, the in situ generated O2
could be subsequently used by sulfur oxidizing bacteria to oxidize the H2S present in
the biogas to sulfate, thus allowing for an integral biogas upgrading. In this scenario,
Bahr et al. (2014) reported biogas Oz concentrations of = 0.3 % at a low L/G ratio of 1
and a pH in the cultivation broth of 9-10. Therefore, further research is needed based
on the potential of this biotechnology as a platform of biogas upgrading technology

during microalgae-based WWT.

1.1.1.3.2. CO, from flue gas

Another free source of COz is flue gas, which contains 6-15% (v/v) of CO2 (Rahaman et
al., 2011). Typically, flue gas is composed by 10% COz, 10.5 H20, 4.5% Oz and 75% N2
(Xu et al., 2003). Flue gas could be sparged in HRAPs in order to supply the extra CO:
to remove wastewater nutrients via biomass assimilation. In this context, Posadas et al.
(2015) reported TOC removals of 84% and TN removals of 66%, corresponding with
biomass productivities of 13 g/m?-d, during secondary domestic wastewater treatment
in an outdoors 800-L HRAP constructed with a sump (width 0.36 m, depth 1 m)
provided with flue gas and operating at a HRT of 2.8 d under a light irradiance of 2125
uE/m?s (9.3 h/day). Similarly, Arbib et al. (2013a) operated an outdoors 530-L HRAP
constructed with a carbonation sump station (width 0.3 m, depth 1 m) for the treatment

of urban wastewater containing 81 mg O2/L of COD, 24.7 mg N/L and 2.1 mg P/L
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under a light irradiance of 2000 WE/m?s. The biomass productivity and N and P

removal efficiencies in the HRAP increased from 10 g TSS/m?-day to 20 g TSS/m*day,
63% to 95% and 81% to 95%, respectively, when increasing the inorganic carbon
concentration in the cultivation broth via flue gas supply (from 0 mL/min to 20 mL/min
of <5% CO:zflue gas).

In addition, flue gas can support the degassing of the excess of photosynthetic O2
accumulated in the cultivation broth, especially in enclosed photobioreactors. In this
context, flue gas sparging represents an advantage in comparison with conventional air
degassing in tubular photobioreactors (Figure 6a) as its lower O: concentration (4-5%)

compared to air (21%) improves O: stripping from the microalgal cultivation broth.

1.1.1.4. Heavy metal removal in algal-bacterial systems

Heavy metals such as cadmium, mercury, zinc, copper, aluminum, chromium, or
nickel are among the most hazardous and persistent pollutants in wastewaters, posing
a severe threat to both natural ecosystems and human health. Physical/chemical
removal technologies such as resin-based adsorption, reverse osmosis or chemical
precipitation exhibit high operating costs and often generate hazardous by-products
(Gavrilescu, 2004). Interestingly, several studies have consistently shown the superior
performance of microalgae biomass for the removal of these persistent inorganic
pollutants (Munioz et al., 2006). In this context, heavy metal removal in microalgae is
mediated by a combination of active (excretion of metal-chelating exopolysaccharides
or bioaccumulation) (Pereira et al,, 2013) and passive (biosorption or heavy metal
precipitation by the increase in pH during photosynthesis) (Chojnacka et al., 2005)
mechanisms, resulting in removal efficiencies of up to 99 % under continuous flow

operation (Canizares-Villanueva, 2000).

1.1.1.5. Pathogen removal in algal-bacterial systems

Bacteria such as coliforms (mainly E. coli) and Salmonella, viruses and protozoa
constitute the main pathogenic microorganisms identified in wastewaters. Chlorine
addition and ozonation represent nowadays the most applied methods for pathogen
removal. However, the increasing price of chlorine together with its toxicity for aquatic

fauna, and the high cost of ozone production require the development of cost-effective
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pathogen removal treatments (Abdel-Raouf et al., 2012). In this context, algal-bacterial
systems can support a low-cost and efficient deactivation of pathogens by increasing
the pH, temperature, sunlight irradiation and dissolved oxygen concentration in the
photobioreactor broth as a result of the photosynthetic activity, reaching removal
efficiencies of = 95% at a pH of 9.5 and dissolved oxygen concentrations of = 20 mg

O:/L (El Hamouri et al., 1994; Heubeck et al., 2007; Munoz and Guieysse, 2006).

1.1.2. Photobioreactor technology in WWT

Photobioreactors devoted to wastewater treatment entail the same basic design and
operation criteria than conventional photobioreactors for mass cultivation: high
surface/volume ratio to maximize light utilization efficiency (and therefore oxygen
production), adequate mixing and degassing, good scalability, low hydrodynamic
stress on the algal-bacterial flocs, control over the environmental conditions and low
construction and operation costs (Mufoz and Guieysse, 2006; Tredici, 2004).
Photobioreactors for wastewater treatment can be classified into open and enclosed
systems (Figure 7). Nowadays, the 99% of the about 15,000 tons per year of produced

microalgae are cultivated in open ponds (Benemann, 2013).
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Figure 7. Schematic of a a) high rate algal pond photobioreactor and b) enclosed tubular algal-
bacterial photobioreactor.
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1.1.2.1.  Open suspended growth photobioreactors

Open photobioreactors are extensive systems, easy to construct and operate but poorly
controlled in terms of environmental growth conditions, which results in low cost
facilities. The control of microalgae concentration and population structure in the
cultivation broth are low as a result of its direct contact with the environment, which
renders this cultivation technology only recommended for highly resistant
(extremophile) microalgae species. The use of open ponds as a platform technology for
wastewater treatment started in the early 1950s (Oswald et al., 1957). Open raceways or
HRAPs consist of shallow ponds (0.1-0.4 m deep) divided into two or four water
channels continuously mixed by paddlewheel mechanical agitation in order to support
water circulation and promote the access of microalgae to light and nutrients
(Mendoza et al., 2013). HRAPs fed with wastewater (Figure 7a) arguably provide one
of the most cost and resource efficient photobioreactor configurations to produce
microalgae biomass for biofuel generation, despite their lower algal biomass
productivities when compared to enclosed photobioreactors (Acién et al., 2012). The

main design and operational characteristic of HRAPs are shown in Table 2.

Table 2. Key design and operation parameters of HRAPs

Parameter Typical range References
Investment costs 2-20 €/m? Oswald (1988)
Optimal size 1500-5000 m? Oswald (1988)
Depth 10-40 cm Borowitzka (2005)
Length-width ratio (L:W) 40:1 Borowitzka (2005)
Recirculation rate 15-30 cm/s Borowitzka (2005)
Engine rotation rate 5-20 cm/s Borowitzka (2005)
Photosynthetic efficiency 2% Muiioz et al. (2015)
Productivity 10-25 g/m>-d Molina-Grima (1999)

Jorquera et al. (2010)
Power consumption 0.1-10 W/m? Borowitzka (2005)

1.1.2.2. Enclosed suspended growth photobioreactors

Enclosed photobioreactors (Figure 7b) maintain microalgae cultivation broth protected
from the environment, which allows the maintenance of monoalgal and even axenic
cultures. The end use of this biomass is usually focused on extraction of high-value

products or human nutrition, which counterbalance the high investment and operation
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costs of this technology (Leite et al., 2013). The higher photosynthetic efficiency of
enclosed photobioreactors (4-6%), supported by their higher illuminated surface-
volume ratio and turbulence, results in a microalgae productivity range of 15-45
g/m>d, but at the expenses of significantly higher energy consumptions and
investment costs (Acién et al, 2012) (Tables 2 and 3). Tubular photobioreactors (TPBR)
constitutes the most commonly implemented enclosed microalgae culture technology

(Table 3).

Table 3. Key design and operation parameters of tubular photobioreactors

Parameter Typical range References
Investment costs 500-3000 €/m? Acién et al. (2012)
Tube length 10-200 m Arbib et al. (2013b)
Tube diameter 2-12 cm Acién et al. (2012)
Frequency of light/dark cycles >1 st Molina-Grima et al. (2001)
Culture velocity 1m/s Janssen et al. (2003)
Photosynthetic efficiency 4-6 % Munoz et al. (2015)

. Acién et al. (2012)
Productivity 15-45 g/m2-d )

Arbib et al. (2013a)

Power consumption 50-1000 W/mB3reactor Acién et al. (2012)

The efficient control of the operational conditions and the higher ratio of illuminated
surface/volume in these photobioreactors compared to open photobioreactors also
allow operating with a high biomass concentration and a defined and consistent
composition, using microalgae species that are sensitive to pollution (Arbib et al.,
2013b). Biofouling constitute the main disadvantage of enclosed photobioreactors,
leading to biofilm formation and preventing light penetration into the culture medium.
In this context, a recent work published by Arbib et al. 2013b reported biomass
productivities of 35 g TSS/m*day and 13 g TSS/m?-day in a pilot-scale TPBR (380 L) and
HRAP (530 L), respectively, treating a urban wastewater containing 81 mg O2/L of
COD, 247 mg N/L and 2.1 mg P/L. However, the TPBR presented a severe
performance deterioration as a consequence of the low irradiation caused by biofouling
after 30 days of operation, which resulted in a decrease of N and P removals from 98%
to 51% and 98% to 75%, respectively. Unlike in the TPBR, N and P removals in the
HRAP increased from 63% to 95% and 81% to 95%, respectively, when increasing the

inorganic carbon concentration in the culture broth via flue gas supply.
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1.2. Microalgal biomass valorization

Microalgal biomass production during WWT can increase the sustainability of this
process due to its potential use as biofertilizer or feedstock for biofuel production
following anaerobic digestion (biomethane), lipid trans-esterification (biodiesel) or

fermentation (bioethanol or biohydrogen) (Figure 8).
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Figure 8. Potential applications of microalgae biomass produced from WWT.

1.2.1. Microalgae biomass as biofertilizer

The highly efficient and simultaneous N and P assimilation during microalgae-based
WWT allows for a cost-effective nutrient recycling from wastewaters when microalgal
biomass is further used as fertilizer since the production of conventional N and P
fertilizers is energy intensive (60 kJ/g N and 15 kJ/g P) (Menger-Krug et al., 2012;
Mulbry et al., 2005). For instance, the price of N and P microalgae fertilizers has been
estimated to 1.4 €/Kg N and 1.2 €/Kg P, respectively (Chisti, 2013). In this context,
microalgae luxury P uptake could support a simultaneous microalgae-based enhanced
biological P removal (EBPR) and a nutrient recycling via fertilization with the
microalgae biomass harvested (Shilton et al., 2012). In this regard, Mulbry et al. (2005)
observed a comparable seedling growth using dried algal biomass and a commercial
fertilizer, which demonstrated the potential of microalgae as a fertilizer. In addition,
microalgae biomass has an advantage as a slow release fertilizer since only about 3% of

the N as biomass would be available as mineral N at the time of application. Thus, the
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supply of dried algal biomass to soils would not result in the NHs volatilization
typically encountered during manure application (Thompson and Meisinger, 2002),
while algal biomass may not have to be tilled into soil. This benefit may allow algal
biomass to be side-dressed into growing crops. Longer term field studies are needed to
assess microalgae harvesting, transportation, stability and the proportion of N and P
availability to crops for this biomass to replace traditional fertilizers (Mulbry et al.,

2005).

Despite the use of microalgae biomass as fertilizer is still in an embryonic stage, all
these merits, along with the low energy consumption of this technology when
implemented in HRAPs, represent an important advantage in comparison with aerobic
activated sludge or AD technologies in terms of enhanced nutrient recovery (Arbib et

al,, 2014).

1.2.2. Biogas production

The O.M fraction of almost any form of biomass, including sewage sludge, animal
wastes and industrial effluents, can be transformed through AD into biogas, a mixture
mainly composed by CHs (55-75%) and CO: (25-45%), as shown in equation [10]
(Ehimen et al., 2011; Ramaraj and Dussadee, 2015):

Overall, the use of crop plant biomass for energy generation today is problematic
because of the competition with food or feed production. In this context, AD of
microalgal biomass appears as a promising alternative for the production of CHs,
which can be used for gas biofuel generation or directly combusted to generate
electricity (Bidart et al.,, 2014). The productivity and composition of biogas mainly
depends on the macroscopic biomass composition (carbohydrates, lipids, proteins and
cellulose as main components) (Table 4), the temperature, organic loading rate and

HRT during the AD process.

Table 4. Gross composition of several microalgae species and theoretical methane

potential during AD (adapted from Sialve et al., 2009).

Proteins  Lipids  Carbohydrates CH.
(0/0) (0/0) (0/0) (m3/Kg VS)

Strain of microalgae
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Euglena gracilis 39-61 14-20 14-18 0.5-0.8
Chlamydomonas reinhardtii 48 21 17 0.7
Chlorella pyrenoidosa 57 2 26 0.8
Chlorella vulgaris 51-58 14-22 12-17 0.6-0.8
Dunaliella salina 57 6 32 0.7
Spirulina maxima 60-71 6-7 13-16 0.6-0.7
Spirulina platensis 46-63 4-9 8-14 0.5-0.7
Scenedesmus obliquus 50-56 12-14 10-17 0.6-0.7

In terms of theoretical CH4 potential, the higher the lipid content of the cell, the higher
the potential CHs yield. In addition, mesophilic temperatures (35-40 °C) appear to be
optimal conditions to maximize CH4 productivity, while HRTs between 20-30 days are
typically applied to maintain methanogenic activity and a complete hydrolysis, the
latter often being the limiting-step of the overall conversion of complex substrates to
CH: (Sialve et al, 2009). In this context, a study on the influence of microalgae
cultivation mode (photoautotrophic vs. mixotrophic conditions) on biogas composition
(Chapter 6) revealed that = 50% of the initial Cas biomass was hydrolyzed and mainly
found as a biogas (90 % of the hydrolyzed C) containing 30% (v/v) of CO2 and 70%
(v/v) of CHa. Dissolved organic and inorganic C only represented 10% of C hydrolyzed
during the AD of both photoautrophically and mixotrophically-grown microalgae.
These results suggested that neither the extent of biomass hydrolysis nor biogas
composition/productivity were influenced by microalgae cultivation mode. The CHs
contained in the biogas can represent an energy recovery of up to 50% of the chemical
energy fixed as biomass during microalgae cultivation (Chapter 6), which converts AD
as one of the most cost-effective route for an energy valorization of microalgae. For
instance, Harun et al. (2011) demonstrated that more energy could be generated from
the production of methane from microalgae (14 MJ/kgag) compared to biodiesel (6.6
M]J/kgaiga) or ethanol (1.8 MJ/kgaiga). The energy content of the biogas produced by AD
ranges from 16.2 to 30.6 M]/m?, with biogas yields typically varying from 0.15 to 0.65
m?/Kg of dry biomass (Alzate et al., 2012; Chapter 6). In this context, algal biogas can
be used for electricity generation via on-site combustion (kWhe, electric KWh) or as a
bio-substitute of natural gas (Bio-SNG) (KWhw, thermal KWh) following a strict
upgrading for injection into natural gas grids. According to the Spanish legislation

Royal Decree 661/2007 the revenue obtained per KWh produced can be calculated
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depending on the type of facility (technology and energy source) and the electric
power produced. Based on these factors, legislation fixes a regulated price or a market
price supplemented by a bonus (within minimum and maximum reference values) for
each kWh generated (Table 5). Recently, this Royal Decree (RD) was replaced by RD
413/2014, in which facilities are not rewarded based on the electricity production but
on other factors as the initial investment costs, operation costs or plant energy

production yield during cogeneration.

Table 5. Biogas generated from digesters! (RD 661/2007).

Electric Power | Regulated price Upper limit (free market) Lower limit (free market)
(KW) (ct €/kWh) (ct €/kWh) (ct €/kWh)
P <500 14.11 16.55 13.33
P >500 10.45 11.91 10.31

Plants that use biomass from manures, biofuels and biogas as their main fuel.

In addition, biomass hydrolysis during AD allowed for the recovery of 65 % of N and
80 % of P provided in the microalgae growth stage (Chapter 6), which can offset up to
45% of the overall energy required for biofuel production (Oliveira et al., 2012). In this
context, Chisti (2013) estimated that if 60% of both the N and P present in the
microalgal biomass cultivated in a HRAP are recovered in the effluent of the residual
biomass digester and readily available for use in crop production, the monetary value
per ton of the recovered HRAP-algal biomass used as substrate for AD would be 63.5 €
based on the value of N and P as fertilizer (assuming a HRAP biomass productivity of

25 g/m?d and a N and P content of 6.6% and 1.3%, respectively).

The above rationales suggest that the production of methane via AD is the most
feasible and cost-effective route for an energy valorization of microalgae (Park et al.,
2011b). Despite AD of microalgae as a feedstock for biogas production has been
studied since the early fifties, this technology still requires further investigation before
being cost-effectively implemented at large scale. Therefore, future work on the
influence of the hydraulic retention time, organic loading rate, temperature, substrate
carbon to nitrogen ratio and pretreatments (thermal hydrolysis, ultrasound and
biological treatment) is required in order to maximize microalgae biodegradability and
their methane conversion yield (Alzate et al.,, 2012; Ehimen et al., 2011; Passos et al.,

2014).
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1.2.3. Biodiesel production

Microalgae are regarded as a promising feedstock for sustainable biodiesel production
because of their potential accumulation of high oil contents (up to 50-70 % of their dry
cell weight), which can be higher than those of conventional energy crops such as

soybean, oil palm, jatropha, canola, etc. (Table 6) (Chisti, 2007; Ndimba et al., 2013).

Table 6. Comparison of some biodiesel sources (adapted from Chisti, 2007).

Crop Oil yield (L/ha) Land area needed (Mha)?

Soybean 446 594
Canola 1190 223
Jatropha 1892 140
Coconut 2689 99
Oil palm 5950 45
Microalgaeb 136,900 2

Microalgae* 58,700 4.5

aFor meeting 50 % of all transport fuel needs of the United States in 2007.
70 % oil (by wt) in biomass.
<30 % oil (by wt) in biomass.

Microalgal lipid consists mainly of triglycerides that can be converted to biodiesel as

fatty acid methyl esters (FAME) through transesterification (Figure 9) (Chisti, 2007).

Cll— OCOR, Cli—011 R—C00CH

Catalysl
CH— OCOR. = 3 HOCH, ‘;' CH—0OH + R—C0O0OCH

CH—0OCOR, CH—OH R—CO0CH
Iriglveeride Methanol Cilveerod Methvl esters
{biodiesel)

Figure 9. Transesterification of oil to biodiesel. Ri-s are hydrocarbon groups.

The lipid content of microalgae can be increased by environmental stress factors such
as a limitation in essential nutrients like nitrogen (Simionato et al., 2013), phosphorus
(Chu et al. 2013) and trace elements (Concas et al., 2014). Nitrogen depletion in the
cultivation broth changes the cellular carbon flux from protein synthesis to lipid
synthesis. For instance, the lipid content of Chlorella vulgaris can increase from 20% to
up to 40% under nitrogen deprivation (Illman et al., 2000). Therefore, understanding
carbon distribution into lipids in microalgae will be crucial for designing cultivation
strategies in order to increase the competitiveness of microalgal biodiesel in the future

biofuel market.
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1.2.4. Bioethanol production

Recent attempts to produce bioethanol have focused on carbohydrate-rich microalgae
as a feedstock for fermentation due to their high ethanol areal yields in comparison

with those of conventional sugar-rich feedstocks (Table 7).

Table 7. Ethanol yield from different sources (adapted from Mussato et al., 2010)

Source Ethanol yield (L/ha-year)
Corn 3,460-4,020
Wheat 2,590
Cassava 3,310
Sugarcane 6,190-7,500
Sugar beet 5,010-6,680
Microalgae 46,760-140,290

Several species of microalgae have the ability of accumulating high levels of
carbohydrates instead of lipids as reserve polymers that can be extracted to produce

fermentable sugars to finally produce ethanol as shown in equation [11]:
CeH1206 — 2CH3CH20H + 2CO; [11]

Microalgae can accumulate carbohydrates under stress conditions. In this regard, while
nitrogen starvation can induce an increase in biomass lipid content (Simionato et al.
2013), the presence of phosphorus plays a key role on lipid productivity under
nitrogen deficient conditions in both microalgae (Chapter 3; Chu et al. 2013,) and
bacteria (Chapter 3; Kulaev et al. 1999). Indeed, the absence of phosphorous under
nitrogen starvation can turn into a suppression factor for lipid accumulation and
promote instead carbohydrate accumulation (Chapter 3). Despite the preliminary
feasibility test reported, the technology for the commercial production of bioethanol
from microalgae, including biomass pre-treatment (Hernandez et al.,, 2014) and

continuous fermentation (Mussato et al., 2014), is still in an embryonic stage.

1.2.5. Biohydrogen production

Hydrogen gas (H2) is assumed to be an optimal energy carrier since it produces only
water during its combustion with oxygen. Despite hydrogen is currently produced
from non-renewable sources (fossil fuels), it can be generated by microalgae,

cyanobacteria and bacteria through biophotolysis or dark fermentation. Biophotolysis
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is based on the capability of microalgae and cyanobacteria to use the light energy to

produce hydrogen, which can occur via two metabolic pathways: direct photolysis and
indirect photolysis (Show and Lee, 2013). During direct photolysis two electrons are
obtained from the water-splitting reaction and transferred through a light-dependent
electron-transport chain located in the thylakoid membrane to ferredoxin, resulting in
H2 production via Fe-hydrogenase pathway under anaerobic conditions as shown in

equations [12] and [13]:

Light
2H,0 =4l + e + 0, [12]

Fe—Hyd
2H* + 26" ———— S H, [13]

Indirect photolysis is conducted by cyanobacteria that can also synthesize and evolve

H:z through photosynthesis (Levin et al., 2004) as shown in equations [14] and [15]:

Light energy
12H,0 + 6C0, ——— C4H;,06 + 60, [14]
Light energy
C6H1206 + 12H20 _— 12H2 + 6C02 [15]

A major technical challenge in H2 production through biophotolysis is the need for a
spatial and/or temporal separation of the photosynthetic H2 and O: production since
Fe-hydrogenase is extremely sensitive to Oz (Show and Lee, 2013). In addition, the low
microalgae-based H: productivity compared with bacterial dark fermentation is also

likely to hinder its full-scale implementation (Table 8).

During dark or heterotrophic fermentation, hydrogen can be produced by anaerobic
bacteria using carbohydrate-rich microalgae as a substrate without the need of a light

energy input as shown in equation [16] (Levin et al., 2004):

Dark
CeHy,0g + 2H,0 —— 2CH;COOH + 4H, + 2C0, [16]

Table 8. Comparison of biological Hz production processes (Adapted from Levin et al., 2004).

BioH: pathway Microorganisms H:production rate (mmol Hz/L-h)
Direct photolysis Chlamydomonas reinhardtii 0.07
Indirect photolysis Anabaena variabilis 0.36
Dark fermentation Clostridium sp. strain No 2 64.5
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1.3. Energy considerations in algal-bacterial based WWT technologies

Typical WWTPs designed exclusively with secondary treatment are able to
satisfactorily meet the discharge levels for organic carbon (quantified as BOD), but fail
to comply with N and P discharge levels. Secondary WWTPs effluents commonly
exhibit 20-70 mg N/L and 4-12 mg P/L, which only account for a removal of 40% and
12% of the inlet total nitrogen and total phosphorous, respectively (Dominguez et al.,
2013). However, the European Directive 98/15/EC establishes a threshold of 10 and 1
mg/L for total N and P, respectively, for water discharges from urban WWTPs in
communities with more than 10,000 equivalent inhabitants. Therefore, a further tertiary
treatment, and consequently, additional costs are required in order to meet EU
discharge limits (Dominguez et al, 2013). Biological Nutrient Removal (BNR)
incorporated in activated sludge processes is one of the preferred options for tertiary
treatment of urban wastewaters, where ammoniacal nitrogen (N-NHs) is converted to
nitrogen gas (nitrification-denitrification) and phosphorus is removed by an enhanced
accumulation in a specialized biomass (Polyphosphate-Accumulating Organisms,
PAOs) (Figure 10a). However, conventional BNR processes or P precipitation (when
EBPR is not implemented) contribute to the loss of these valuable nutrients via
nitrogen denitrification or P precipitation (De Godos et al.,, 2009a) and are highly
energy intensive, accounting for 60-80% of the total energy requirements for
wastewater treatment (1.5 kWh/Kg N when O: is supplied in the nitrification stage
through fine bubble diffusers and 4.6 kWh/Kg N when supplied by superficial
aeration) (Dominguez et al., 2013; Méndez et al., 2010; Selvaratnam et al., 2014). In this
context, the energy required during activated sludge-based WWT using nitrification-
denitrification (AS + ND) as a N removal mechanism (Figure 10a) was estimated and
compared with the energy consumed during microalgae-based WWT in HRAPs
(Figure 10b) considering the reference scenario shown in Table 9 and 10 for a 20,000

inhabitants city:
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Figure 10. WWT in an AS + ND process (a) and a HRAP (b).
Table 9. Input data for Figure 10a case study (Wildschut, 2010).
Energy required? KWh/capita-d | KWh/m3ww TER (%)
Pretreatment 0.010 0.05 54
Pumping 0.006 0.03 34
Grit removal 0.005 0.03 2.6
Primary treatment 0.000 0 0
Secondary treatment 0.158 0.79 88.6
Total energy required (TER) 0.180 0.90 100
TWWTP for 20,000 inhabitants and a wastewater generation rate of 0.2 m3/capita-d
Table 10. Input data for Figure 10b case study
Input data
Parameter Value References
Inhabitants (I) 20,000 | Metcalf and Eddy (2003)
Flow rate (F) (m?3/capita-d) 0.2 Metcalf and Eddy (2003)
HRT (days) 7 Alcantara et al. (2015)
HRAP power consumption (W/m?geactor) 21 Borowitzka (2005)
Results
Feeding flow (Q) (m?/d) 4,000
Reactor volume required (V&) (m3) 28,000
Daily energy required (DER) (KWh/d) 1,344
Total energy required (TER) (KWh/m3ww) 0.34

Vr= 28,000 m?, depth = 0.3 m, flow velocity = 20 cm/s and paddle wheel efficiency = 0.17.

Q=I1xF=20,000 1nhab31tants X O.ZW = 4,000 “d
Vg = Q x HRT = 4,000 =% x 7d = 28,000 m}

3 ] 3600s 24h 1 KWh KWh
DER = 28,000 my X 2 S ma X h X 1d X 3600000 = 1'344T
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KWhX 1d 034 KWh
d “4000m3, <~ m3

ww treated

TER = 1344

These simple estimations clearly showed that the energy required during WWT in
HRAPs (0.34 KWh/m3ww) is significantly lower than the energy required in AS + ND
activated sludge processes (0.9 KWh/m®ww). Hence, despite HRAPs are typically
operated at high HRTs (3-10 days) compared to activated sludge processes (10-12 h)
(Metcalf and Eddy, 2003; Posadas et al., 2015), photosynthetic oxygenation significantly
lowers the energy demand for C and N oxidation, which represents an economic and
environmental advantage compared with mechanical aeration-based technologies
(where up to 50 % of the total energy consumption is associated with mechanical Oz
supply) (Chae and Kang, 2013; Méndez et al., 2010). Thus, microalgae-based WWT in
HRAPs offers a low cost and more efficient alternative to conventional tertiary

treatment.

On the other hand, activated sludge productivity during urban WW treatment in
activated sludge processes (Figure 10a) ranges between 80 and 170 g TSS/m*ww (Table
11). In this context, the disposal of the waste activated sludge produced can represent

up to 50% of the operating cost in WWTPs (Selvaratnam et al., 2014).

Table 11. Sludge productivity during urban WW treatment in activated sludge process

g TSS/m3ww References
86! Selvaratnam et al. (2014)
1072 Metcalf and Eddy (2003)
913 Metcalf and Eddy (2003)
1664 Metcalf and Eddy (2003)
14656 Escaler et al. (2010)

!Activated sludge process only for BOD removal (045 g TSS formed/g BOD removed)

2Activated sludge process only for BOD removal. Inlet flow of 22,464 m?3/d.

SActivated sludge process for BOD removal and nitrification. Inlet flow of 22,464 m3/d.

‘Input COD concentration of 333 g/m?, 0.4 g VSS/g CODremoved and 0.8 g VSS/g TSS.

SInput BOD concentration of 200 g/m® and BOD removal of 95%.

°Prat de LLobregat WWTP (Barcelona) designed for 2,275,000 inhabitants and an average inlet flow of
420,000 m?3/d in 2007.

However, assuming a typical domestic WW composition of 200 g TOC/m?*ww and 100
g IC/m*ww, the microalgal-bacterial biomass produced can be up to 2.8 times higher

than the bacterial biomass productivity due to the additional photosynthetic C



Introduction Chapter 1

assimilation from the CO: released during bacterial respiration and WW alkalinity

(CaCOs) (Mufioz and Guieysse, 2006; Selvaratnam et al., 2014). This higher biomass
productivity per cubic meter of WW treated in algal-bacterial systems could be
regarded as an operation handicap in terms of sludge management in comparison with
activated sludge processes. However, the production of this extra algal-bacterial sludge
can increase the energy recovery through AD of primary and secondary produced
sludge in conventional WWTPs, which represents an advantage in terms of net energy
expenditures (Bidart et al., 2014; Selvaratnam et al., 2014). Hence, a model microalgae-
based WWTP was proposed (Figure 11) considering the low energy requirements in
HRAP-based WWT (Table 12), the nutrient removal and production of a valuable
biomass by the fixation of CO: from flue gas and the potential energy generation
through the AD of this biomass (Table 12). In this context, the energy consumed in the
HRAP represented 55% of the electrical energy obtained from CHs combustion

obtained only of the AD of algal-bacterial biomass.

Table 12. Energy production from the biomass generated in the HRAP in Figure 11 (dashed
lines are not considered in this balance)

Parameter Value References
CHas productivity 0.4 L CHa4/g TSS harvested Chapter 6
Biomass productivity (P) 20 g/m?%*-d Alcéntara et al. (2015)
Biogas CHas content 70% Chapter 6
Biogas energy content 6.5 KWh/m? Menger-Krug et al. (2012)
Electricity conversion efficiency (ECE) 35% Menger-Krug et al. (2012)
HRAP power consumption 21 W/m3r Borowitzka (2005)
HRAP energy consumption (EC) 0.014 KWh/m2-d! Borowitzka (2005)
Energy produced (EP) 0.026 KWh/m?:-d -

Vr= 28,000 m?, depth = 0.3 m, flow velocity = 20 cm/s and paddle wheel efficiency = 0.17.

In this scenario, the AD of the algal-bacterial biomass generated in outdoors HRAPs
during the combined wastewater treatment-CO: capture process can significantly
enhance the economic and environmental sustainability of WWT processes in terms of
energy production and recovery of CO: and nutrients, highlighting the potential of the
integration of microalgae-based WWT technology in WWTPs as a net energy-

producing platform (Figure 11).
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1.4. Environmental considerations of algal-bacterial based WWT

technologies

Conventional WWT based on activated sludge processes involve higher energy
requirements and therefore a higher CO: footprint than HRAP-based WWT (Table 13).
In addition, photosynthetic CO: fixation during HRAP-based WWT entails a beneficial
effect in terms of global warming mitigation. However, the environmental
sustainability of microalgae-based WWT has been recently challenged due to the
ability of microalgae or associated bacteria to synthesize N20O, a greenhouse gas with a
global warming potential 298 times higher than CO., which could jeopardize the
benefits associated to photosynthetic CO: capture in a net greenhouse gas mass balance

(Chapter 4; Chapter 7; Fagerstone et al., 2011).
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Table 13. Comparison of the energy required and associated CO: footprint in different WWT technologies.

Energy required Energy required? Associated CO: footprint? References
(KWh/Kg BODremoved) | (KWh/m? WWereated) (g CO2/ m?* WWheeated)
HRAPs 0-0.57 0-0.11 0-21 Mahdy et al. (2015)
Mechanically aerated Ponds 0.8-6.4 0.15-1.22 29-232 Mahdy et al. (2015)
Activated sludge process 1.5-1.97 0.29-0.37 54-72 Oswald (il(lzezgrfsle‘;a:;lég Oeltoa)ll. (2014);
Activated sludge + N removal 2.6-6 0.49-1.14 94-218 Hernéandez et al. (2010)
Anaerobic digestion -(1-1.5)t 0.19 36 Oswald (2003); Van Lier (2008)

Electric power produced from the biogas obtained after anaerobic digestion assuming a 40% of electric conversion efficiency. This value depends on local

circumstances (such as the fuel used by the regional power plants).
2According to typical energy consumptions in KWh/Kg BODremoved and assuming an input BOD concentration of 200 g/m? and s BOD removal of 95%.

SAssuming a CO:z emission factor of 0.191Kg CO2 per KWh consumed (WWF Spain, January 2015).
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1.4.1. N,O emissions and their associated CO, footprint

N20 can be biologically generated by nitrifying bacteria, denitrifying bacteria,
nitrifying-denitrifying bacteria, ammonium oxidizing archaea and microalgae (Figure
12). The potential occurrence and significance of these pathways in wastewater

treatment HRAPs is discussed below.

—— —— Nitrification pathway —
(?)THNO

, AMO HOR _ |NOR I NR _ NiR NoR NosR
NH,” — NH,0H — NO,|—> NO; — NO, — NO — N,O0 — N

i NoR NosR
c) ’V’RL NO > N,O 5 NZJ

Denitrification pathway W
2

AMO: Ammonia monooxygenase

Nitrifier denitrification pathway HNO: Nitroxyl
NR NiR HOR: Hydroxylamine oxidoreductase
d)| NO; —> NO, — NH,” — Org-N NOR: Nitrite oxidoreductase
NR: Nitrate reductase

Phototrophic assimilatory pathway NIR: Nitrite reductase

NR , NoR: Nitric oxide reductase
e) NO @) NosR: Nitrous oxide reductase
= N,O NO: Nitric oxide
L HNO

Figure 12. Potential N20 production metabolic pathways occurring in HRAPs ((?) = unclear
pathway and/or putative enzyme type).
During nitrification (Figure 12a), NH4* is first converted to hydroxylamine (NH20H) to
be further transformed into NOz. N2O can be produced from NH2OH by either
chemical decomposition or chemical oxidation. Chemical oxidation occurs with NO> as
electron acceptor under O: limiting conditions (0.1-0.5 mg/L) (Kampschreur et al., 2009;
Law et al., 2015). However, N20O production via NH20OH aerobic oxidation in ammonia-
oxidizing bacteria culture was also observed by Wunderlin et al. (2012) under NO>
limiting conditions in the excess of ammonium. Thus, the accumulation of ammonium
in HRAPs could result in N2O production via NH20OH oxidation based on the high
dissolved oxygen concentration (DOC) typically encountered in microalgae culture
broths. In contrast, N2O production via the denitrification or nitrification-
denitrification pathways (Figure 12 b, c¢) during microalgae-based WWT is likely to be
less frequent (even at night) as active denitrification occurs below Oz concentrations of
0.5 mg/L, while the constant O: diffusion from the atmosphere can offset the high O

consumption mediated by microbial respiration rate at night, anoxic conditions being
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prevented in the cultivation broth (Wang et al, 2008). Guieysse et al. (2013a)
challenged the significance of N2O production in well-mixed photobioreactors and
demonstrated that axenic Chlorella vulgaris could indeed synthesize N:O, possibly via a
Nitrate Reductase (NR)-mediated nitrite reduction into either nitrous oxide (NO) or
nitroxyl (HNO) (Figure 12e). In this context, the study performed in Chapter 7 to assess
the potential significance of N20O emissions from two identical 7-L. HRAPs treating
synthetic wastewater at 7 days of HRT confirmed that despite HRAPs microcosms
demonstrated the ability to generate algal-mediated N2O when nitrite was externally
supplied in the dark, negligible N2O emissions rates were consistently recorded in the
absence of nitrite during a 3.5-month monitoring. Therefore, avoid the accumulation of
NOz during the night in HRAPs operated at high loading rates represent an
operational factor to prevent N2O generation given the ability of the algal-bacterial
biomass present in the HRAPs to generate N20 in the presence of exogenous NO2 in

the dark (Figure 12 a, d, e) (Chapter 7).

N:0 emissions lower than 2 nmol N2O/g TSS-h were consistently recorded from HRAP
cultures sampled under a typical N-loading of 7.1 g N/m?ccord. A 24-hr average
emission rate of 1 nmol N20/g TSS-h would thus result in an emission factor of 4.7x10-
g N-N20/g N-input and an associated CO: footprint of 1.1 g of COz/m’ww in a
conventional HRAP. The study performed in Chapter 4 also evaluated the N0
production during algal-bacterial nitrification-denitrification in a novel anoxic-aerobic
photobioreactor. This system only generated relevant N20O emissions in the aerobic
reactor, which resulted in average N20 emission factors of 5.2 X 10° g N-N20/g N-
input, corresponding with an associated CO: footprint of 0.3 g COz/m*ww. The N2O
emission factors obtained in both microalgae-based wastewater treatment
photobioreactor configurations (Chapter 4 and Chapter 7) were significantly lower
than the N2O emission factor typically recorded in WWTPs (5-6-10° g N-N20/g N-
input) (Gustavsson and La Cour Jansen, 2011; IPCC, 2006). In addition, the CO:
footprint associated with the N2O emissions recorded in both systems (1.1 and 0.3 g
CO2/mww), compared favorably against the indirect CO: footprint from electricity use
for aeration and mixing in activated sludge processes (119-378 g CO2/m3ww) and even

for mixing in HRAPs (3-14 g COz/m3ww). These preliminary estimations suggest that
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N:20 emissions in these algal-bacterial photobioreactors should not compromise the

environmental sustainability of wastewater treatment in terms of global warming

impact.

1.4.2. Water footprint

Although microalgae-based WWT improves water quality, significant amounts of
water may be lost from the photobioreactors due to evaporation. Guieysse et al. (2013b)
predicted evaporation rates of up to 2.275 m3/m2.yr (0.0062 m3/m?-d)) in Arizona in 0.25
m algae raceway ponds, which represented 15% of the amount of water treated.
Although these water losses may sound ‘affordable’, the ecological and economical
value of water depends on local conditions. In Arizona, an evaporation rate of 2.275
m3/m2.yr represents more than 40 years of rainfall equivalent. In addition, water losses
entail an overconcentration of the WW contaminants, which itself is a function of HRT.
In this context, the HRT (typically imposed by the organic and nutrient load to be
treated) influences directly the ratio WW evaporated to WW treated. Based on a 0.0062
m3/m?d evaporation rate (worst scenario) and a typical deep pond of 0.3 m, the higher
the HRT the higher the ratio m*ww evaporated/m3®ww treated (Figure 13). Therefore, a
careful evaluation of water evaporation losses and its associated deterioration of the
quality of the treated effluent must be conducted prior to the implementation of

HRAPs in water-stressed areas.
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Figure 13. Influence of HRT on the ratio m3ww evaporated/m3ww treated.
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2.1. Justification of the thesis

The rapid and steady increase in human population over the past decades has entailed
the generation of large amounts of wastewaters and greenhouse gases such as carbon
dioxide (CO2) or nitrous oxide (N20), which represent nowadays two of the major
challenges to the environmental sustainability of our planet. In this context, algal-
bacterial processes have emerged as a promising wastewater treatment (WWT)
biotechnology based on the ability of microalgae to simultaneously remove carbon (C)
(organic and inorganic), nitrogen (N) and phosphorus (P) via mixotrophic assimilation,
and support via photosynthetic oxygenation the bacterial oxidation of the organic
matter and ammonium present in the wastewater. This photosynthetic-based
bioremediation provides a superior water management compared to conventional
aerobic activated sludge or anaerobic digestion technologies in terms of cost-effective
organic matter removal, nutrient recovery and CO: footprint. The synergistic
relationships established between microalgae and bacteria can support consistent
pollutant removal efficiencies and biomass productivities during the treatment of
domestic, livestock and industrial wastewaters, at lower operating costs and
environmental impacts than conventional WWT technologies. In addition, the high
efficiency of microalgae to fix anthropogenic CO: via photosynthesis allows the
mitigation of greenhouse emissions, which represents an additional advantage of
microalgae-based WWT in comparison with other biotechnologies in terms of reduced
carbon footprint. However, microalgae-based WWT still presents severe technical
limitations that hinder its full-scale implementation owing to the lack of systematic
empirical studies quantitatively evaluating the metabolism of microalgae and
microalgae-bacteria consortia, the limited performance to completely remove all
nutrients in wastewaters with a low C/N ratio, the poor sedimentation ability of some
microalgae species (which results in effluent total suspended solid concentrations
above the maximum EU discharge limits), the limited quantitative knowledge on the
nutrient and energy recovery during the anaerobic digestion of the microalgae
produced from WWT and on the ability of microalgal-bacterial cultures to synthesize

N20 (which could eventually jeopardize the environmental sustainability of these
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processes). Therefore, more research on innovative microalgal processes and

systematic quantitative studies on conventional microalgae-based technologies
devoted to overcome the above mentioned limitations is necessary in order to
consolidate algal-bacterial processes as a platform technology for a cost-effective and

sustainable pollution control.
2.2. Main objectives

The overall objective of the present thesis was the development and systematic
evaluation of the potential of both innovative and conventional WWT processes based
on the synergistic relationship between microalgae and bacteria in terms of pollutant
removal efficiency and environmental sustainability using a C, N and P mass balances
approach in order to overcome the main limitations of microalgae-based WWT

biotechnologies.
More specifically, the individual goals pursued to achieve this overall objective were:

a. Evaluation of the competitive advantage of symbiotic microalgae-bacteria
consortia over axenic microalgae cultures during WWT in terms of culture
robustness and C, N and P removal (Chapter 3).

b. Development of innovative operational strategies and photobioreactor
configurations devoted to overcome the main technical limitations of

conventional microalgal processes:

b.1. Enhancing N removal and biomass harvesting during WWT in a novel
anoxic-aerobic photobioreactor with continuous biomass recycling

(Chapter 4).

b.2. Coupling biogas upgrading and nutrient removal during the treatment of
diluted centrates in a High Rate Algal Pond (HRAP) interconnected to an

external CO: absorption column (Chapter 5).

b.3. Evaluating nutrient and energy recovery in the integrated process of
microalgae growth (under autotrophic and mixotrophic conditions)

coupled with anaerobic digestion (Chapter 6).
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c. Evaluating the environmental sustainability in terms of the N2O emission
potential of WWT in a novel anoxic-aerobic photobioreactor (Chapter 4) and

in conventional HRAPs (Chapter 7).
2.3. Development of the thesis

In the present thesis, the performance of symbiotic algal-bacterial consortia in terms of
C, N and P removal, energy recovery potential via anaerobic digestion and N0
emissions during WWT was assessed using a C, N and P mass balance approach under
different operational strategies and photobioreactor configurations in order to
overcome the main technical limitations hindering the full scale implementation of

microalgae-based processes.

In order to fulfill these objectives, the potential of the synergistic effects derived from
the symbiosis between microalgae and bacteria during WWT under stress conditions
was assessed in terms of their metabolic plasticity and robustness using a C, N and P
mass balance approach (Chapter 3). The technical and environmental performance of
innovative operational strategies and photobioreactor configurations devoted to
enhance N removal and biomass harvesting was evaluated in a novel anoxic-aerobic
photobioreactor (Chapter 4), in a biogas upgrading and nutrient removal HRAP
interconnected to an external CO: absorption column (Chapter 5) and in the integrated

process of microalgae growth coupled with anaerobic digestion (Chapter 6).

Finally, the environmental sustainability of the novel anoxic-aerobic photobioreactor
developed (Chapter 4) and of conventional HRAPs (Chapter 7) was also assessed by
quantifying and comparing the N2O emissions and their associated CO: footprint with

conventional biological WWT technologies.
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Abstract Microalgae harbor a not fully exploited industrial
and environmental potential due to their high metabolic plas-
ticity. In this context, a better understanding of the metabolism
of microalgae and microalgal-bacterial consortia under stress
conditions is essential to optimize any waste-to-value ap-
proach for their mass cultivation. This work constitutes a
fundamental study of the mixotrophic metabolism under stress
conditions of an axenic culture of Chlorella sorokiniana and a
microalgal-bacterial consortium using carbon, nitrogen, and
phosphorous mass balances. The hydrolysis of glucose into
volatile fatty acids (VFA) during dark periods occurred only in
microalgal-bacterial cultures and resulted in organic carbon
removals in the subsequent illuminated periods higher than in
C. sorokiniana cultures, which highlighted the symbiotic role
of bacterial metabolism. Acetic acid was preferentially assim-
ilated over glucose and inorganic carbon by C. sorokiniana
and by the microalgal-bacterial consortium during light pe-
riods. N-NH4" and P-PO,4 > removals in the light stages
decreased at decreasing duration of the dark stages, which
suggested that N and P assimilation in microalgal-bacterial
cultures was proportional to the carbon available as VFA to
produce new biomass. Unlike microalgal-bacterial cultures,
C. sorokiniana released P—PO4_3 under anaerobic conditions,
but this excretion was not related to polyhydroxybutyrate
accumulation. Finally, while no changes were observed in
the carbohydrate, lipid and protein content during repeated
extended dark-light periods, nutrient deprivation boosted both
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C-acetate and C-glucose assimilation and resulted in signifi-
cantly high biomass productivities and carbohydrate contents
in both C. sorokiniana and the microalgal-bacterial cultures.
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Introduction

Microalgae can play a key role in the treatment of water
pollution and support a green bioeconomy in this XXI century
due to their high metabolic versatility and productivity rates.
Microalgae are able to grow simultaneously under photoauto-
trophic and heterotrophic conditions (Pérez-Garcia et al. 2010),
and even nitrifying activity has been detected in Chlorella in
the presence of ammonium (Kessler and Oesterheld 1970).
Guieysse et al. (2013) confirmed the presence of the enzyme
nitrate reductase (an enzyme involved in the bacterial denitrifi-
cation pathway) in axenic cultures of Chlorella vulgaris. In
addition, luxury P uptake in microalgae can result into struc-
tural P contents of up to 3 %, which could support a
microalgae-based enhanced biological P removal (EBPR) and
allow for nutrient recycling via fertilization with microalgae
biomass (Powell et al. 2008, 2009; Arbib et al. 2014). In this
context, microalgae cultivation as a platform technology for
secondary or tertiary wastewater treatment can support a simul-
taneous C, N, and P removal via mixotrophic fixation and the
heterotrophic degradation of persistent organic pollutant
(Muioz and Guieysse 2006; Abreu et al. 2012). Microalgae-
based wastewater treatment results in a large production of
residual biomass from which high-added-value products such
as lipids, carbohydrates, amino acids, and polyunsaturated fatty
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acids or pigments could be extracted (Pérez-Garcia et al. 201 1a;
Cea-Barcia et al. 2014).

The potential of microalgae to support a sustainable and
economically profitable bioeconomy is based on the ability
of microalgae to accumulate or biotransform biogenic and
xenobiotic compounds when exposed to stress growth
conditions using mechanisms similar to those found in
bacterial metabolic routes (Prajapati et al. 2013; Markou
and Nerantzis 2013). For instance, lipid accumulation oc-
curs under nutrient deprivation conditions (Chu et al.
2013), salinity (Takagi et al. 2006), or heavy metal stress
(Liu et al. 2008). Likewise, nutrient stress cultivation is
used to enhance microalgal carbohydrate content (Kim
et al. 2014). Recent studies have shown that certain
cyanobacteria are capable of producing
polyhydroxyalkanoates under extended dark-light periods
or nutrient deprivation conditions similarly to
polyphosphate accumulating bacteria (PAO) (Panda and
Mallick 2007). In this context, Sharma and Mallick
(2005) reported polyhydroxybutyrate (PHB) accumulation
in Nostoc muscorum of 14, 20, and 35 % (w/w) when
supplemented with 0.2 % acetate (585 g/m’ C-acetate)
and incubated under dark conditions for 3, 5, and 7 days,
respectively. All these findings suggest that bacterial and
algal metabolic pathways potentially involve similar pre-
cursors and enzymes (Subashchandrabose et al. 2011),
which indicates that microalgal biotechnology harbors an
industrial and environmental potential higher than that
currently exploited. Thus, the elucidation of the influence
of stress cultivation conditions on carbon and nutrient
uptake, and biomass composition of microalgae and
microalgae-bacteria consortia, is of key relevance in the
optimization of any waste-to-value approach for
microalgae mass cultivation and constitutes one of the
most relevant knowledge gaps in this field. However, the
lack of systematic empirical studies quantitatively evaluat-
ing the metabolism of microalgae and microalgae-bacteria
consortia under stress conditions still hampers the exploi-
tation of the full potential of these microorganisms. There-
fore, the synergistic effects derived from the symbiosis
between microalgae and bacteria in terms of metabolic
plasticity and robustness represents a key niche for re-
search in microalgal biotechnology.

This work constitutes a fundamental study using a car-
bon, nitrogen, and phosphorous mass balance approach of
the mixotrophic metabolism under stress conditions of an
axenic culture of Chlorella sorokiniana and a microalgal-
bacterial consortium. Hence, the influence of repeated ex-
tended dark-light periods and nutrient deprivation on mi-
crobial growth, PHB and phosphorous accumulation, mac-
roscopic biomass composition, and removal efficiencies of
organic and inorganic carbon, nitrogen, and phosphorus
was assessed.
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Materials and methods
Microorganisms and inoculum cultivation conditions

The microalga C. sorokiniana 211/8k was obtained from the
Culture Collection of Algae (SAG) of Gottingen University
(Germany). The algal-bacterial consortium was obtained from
a high-rate algal pond (HRAP) treating diluted centrates at the
Department of Chemical Engineering and Environmental
Technology of Valladolid University (Spain). This consortium
was harvested from the HRAP broth by centrifugation for
10 min at 15,317%g (Sorvall, LEGEND RT+ centrifuge, Ther-
mo Scientific) and resuspended in Sorokin-Krauss mineral
salt medium (SK MSM). The microalgae/cyanobacteria pop-
ulation (from now on referred to as microalgae) was com-
posed of (percentage of cells) Limnothrix mirabilis (Bocher)
Anagnostidis (57.1 %), Woronichinia sp. (15.9 %),
Synechocystis aquatilis Sauvageau (12.7 %), Geitlerinema
sp. (11.4 %) and Cyanosarcina sp. (2.9 %). The composition
of the bacterial population was not analyzed quantitatively by
molecular tools but qualitatively assessed by microscopic
observations, which confirmed the presence of bacteria in
the algal-bacterial consortium used. C. sorokiniana and the
microalgal-bacterial inocula were incubated in enriched SK
MSM at 30 °C under magnetic agitation at 300 rpm and a
photosynthetic active radiation (PAR) of 100+11 pE/m?s for
5 days. The SK medium was prepared according to Alcantara
et al. (2013) and enriched with sterile solutions of glucose,
CH;COONa, peptone, and yeast extract to a final concentra-
tion of 1.25, 1.71, 0.0625, and 0.0625 g/dm?, respectively.

Mixotrophic cultivation under extended dark-light periods

The first series of experiments consisted of cycles of extended
dark stages (DS) under anaerobic conditions followed by
illuminated stages (LS) at 100+11 puE/m?*-s. The duration of
the dark stages in C. sorokiniana cultures was fixed at 7 days,
while the illuminated stages lasted for 8, 14, and 30 days. On
the other hand, the dark stages lasted for 7, 5, and 2.5 days in
the tests conducted with the algal-bacterial consortium, while
the duration of the subsequent illuminated stages was set at
14 days (Table S1 and Table S2 in “Supplementary Material”).
The experiments were performed batchwise in 2.1 dm® glass
bottles (five bottles for C. sorokiniana under sterile conditions
and five bottles for the algal-bacterial consortium) containing
1.9 dm® of sterile modified BG-11 mineral salt medium (BG-
11 MSM). This medium was composed of (per dm®> of dis-
tilled water) the following: 0.1909 g NH,4Cl, 0.04 g K,HPO,,
0.075 g MgS0,-7H,0, 0.036 g CaCl,-2H,0, 0.006 g citric
acid, 0.006 g ferric ammonium citrate, 0.001 g Na,EDTA,
0.02 g Na,COs;, and 1 cm’® of a trace element solution con-
taining (per dm® of distilled water) 2.86 g H;BOs, 1.81 g
MnCl,-4H,0, 0.22 g ZnSO,4-7H,0, 0.08 g CuSOy4-5H,0,
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0.39 g Na,M00O, - 2H,0, and 0.0404 g CoCl,-6H,0. The final
pH of the medium was =7.2. The BG-11 MSM was supple-
mented with 0.375 g glucose/dm® and 0.513 g CH;COONa/
dm’ as organic carbon source at the beginning of each dark
period, which resulted in an initial total organic carbon (TOC)
concentration of 300 g/m’ (150 g/m’ as C-CH;COONa and
150 g/m’® as C-glucose) (typical TOC concentrations in do-
mestic wastewaters according to Asano et al. 2002). The
initial nitrogen and phosphorus concentrations (50 g N-
NH,"/m® and 7 g P-PO, >/m’, respectively) also mimicked
the typical N and P concentrations in medium-strength do-
mestic wastewater (Asano et al. 2002). In addition,
C. sorokiniana and the algal-bacterial cultures were supple-
mented at the beginning of every dark stage with a sterile
buffer solution of NaHCO; and NaCOs; in order to increase
the pH up to 9.0£0.3 to prevent acidification during the dark
stage. The different buffer capacity observed in C. sorokiniana
and the algal-bacterial broths resulted in average inorganic
carbon (IC) concentrations of 105+2 and 147+17 g/m® at the
beginning of each dark stage, respectively. These IC concen-
trations also corresponded to typical IC concentrations in
domestic wastewater (<100-150 g/m’) (Asano et al. 2002).
The term TIC represents here the total inorganic carbon in the
system (gas C-CO, + dissolved IC). The bottles were always
flushed with sterile nitrogen (N,) for 15 min at the beginning
of every cycle and allowed to equilibrate for 2 h prior to
sampling (the renewal of the bottle’s headspace was per-
formed in a sterile bench by filtering the N, through
0.20-um nylon filters previously autoclaved to maintain the
sterility in C. sorokiniana cultures). The cultures were incu-
bated at 30 °C under continuous magnetic agitation at
300 rpm.

Gas samples of 100 puL were drawn from the headspace of
the bottles to measure the concentrations of CO,, O,, N», and
CH, by GC-TCD. Liquid samples of 200 c¢m® were also
drawn (under sterile conditions using sterile plastic syringes
in an sterile bench in C. sorokiniana cultures) at the beginning
and end of each dark and light stage in order to determine the
concentrations of dissolved TOC, dissolved IC, dissolved N
species (TN, N-NH, ", N-NO, ", N-NO5, and Norganic)> dis-
solved P (P-PO, ), and biomass concentration as total (TSS)
and volatile (VSS) suspended solid concentration. The con-
centration of acetic, propionic, isobutyric, butyric, isovaleric,
valeric, isocaproic, hexanoic, and heptanoic acids were quan-
tified by GC-FID. The term VFA* stands here for the total
carbon concentration of volatile fatty acids (C-VFA) except
acetic acid. The liquid volume extracted was replaced by fresh
BG-11 MSM (previously autoclaved for 20 min at 120 °C in
C. sorokiniana cultures) before the beginning of each DS, in
order to maintain the initial cultivation volume (1.9 dm>).
Likewise, the pH and TOC, N, and P concentrations were
also adjusted at the beginning of each DS at a pH of 9, 300 g/m’
of TOC, 50 g/m® of N-NH,", and 7 g/m® of P-PO, . The C,

N, and P contents of the algal and algal-bacterial biomass
formed were also experimentally determined along with the
PHB and lipid content. The protein and carbohydrate contents
in the biomass were also determined.

Mixotrophic growth under nutrient deprivation conditions

A second series of experiments using C. sorokiniana and the
microalgal-bacterial consortium was conducted in the pres-
ence of continuous irradiation (PAR of 100+11 pE/m?-s) and
initial C-CH3COONa and C-glucose concentrations of 150 g
C/m? (initial TOC concentration of 300 g/m3) under N and P
deprivation, where K,HPO, was replaced by an equimolar
concentration of KCI in the BG-11 MSM. The bottles were
also initially flushed with sterile N, for 15 min to remove the
O, from the headspace and allowed to equilibrate for 2 h prior
to sampling. The test was monitored for 12 days as above-
described sampling every 3 days until the N and P contents in
the biomass remained constant (Table S3 in “Supplementary
Material”).

Mass balance calculation

A mass balance calculation was conducted for C, N, and P
considering all their chemical species at the beginning and end
of each dark and light stage. The validity of the experimenta-
tion carried out was assessed by means of recovery factors
defined as follows (Alcantara et al. 2013):

C mass recovery (%)

~[C-CO; + TOC + IC + Chiomass|gnp poINT

_ x 100
[C-CO; + TOC + IC + ChiomasslstarT poINT

(1)

N mass recovery (%)

[N-NHI + N-NO; + N-NOj3 + Npiomass + Norganic]

_ END_POINT
[N-NH; + N-NOj + N-NO3 + Nojomass + Norganic) srart poT
x 100 (2)

[P-POf’ + PbiomaSS]END POINT

[P—POZ}3 +P biomass] START POINT

% 100 (3)

P mass recovery (%) =

where C-CO, is the carbon concentration as gas CO, in the
bottles’ headspace, TOC is the total dissolved organic car-
bon concentration in the aqueous phase (C-CH3;COONa-+
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C-glucose+Corganic), IC is the dissolved inorganic carbon
concentration in the aqueous phase in equilibrium with C-
CO», Cpiomass 1s the particulate carbon concentration in the
form of microalgal or microalgal-bacterial biomass, Corganic
is the dissolved organic carbon concentration from the
particulate carbon hydrolyzed, and N-NH,", N-NO, ", and
N-NOj; represent the concentration of ammonium, nitrite,
and nitrate, respectively, while Nyjomass and Norganic account
for the concentration of particulate organic nitrogen in the
biomass and dissolved organic nitrogen from the particulate
nitrogen hydrolyzed. P-PO, > is the phosphorus concentra-
tion in the aqueous phase, and Py;omass 1S the particulate
phosphorus concentration in the form of biomass.

Analytical procedures

The irradiation was measured as PAR using a LI-250A
light meter (LI-COR Biosciences, Germany). The pressure
of the bottles’ headspace was measured using a PN 5007
pressure sensor (IFM, Germany). The gas concentrations
of CO,, CHy, O,, and N, were determined using a CP-3800
gas chromatograph (Varian, USA) coupled with a thermal
conductivity detector and equipped with a CP-Molsieve
5A (15 mx0.53 mmx15 um) and a CP-Pora BOND Q
(25 m=0.53 mmx 15 wm) columns. The injector, detector,
and oven temperatures were maintained at 150, 175, and
40 °C, respectively. Helium was used as the carrier gas at
13.7 ¢m®/min. TOC, IC, and TN concentrations were de-
termined using a TOC-V CSH analyzer equipped with a
TNM-1 module (Shimadzu, Japan). N-NO5; , N-NO, , and
P-PO, ® were analyzed by HPLC-IC according to
Alcantara et al. (2013). The soluble P concentration was
also determined according to Eaton et al. (2005) using a
spectrophotometer U-2000 (Hitachi, Japan). A Crison
micropH 2002 (Crison instruments, Spain) was used for
pH determination. Aliquots of 10 cm® of cultivation broth
were filtered through 0.22 pum and acidified with H,SO4 to
pH 2 prior to volatile fatty acid analysis in an Agilent
7820A GC-FID equipped with a G4513A autosampler
and a Chromosorb WAW packed column (2 mx1/8"x
2.1 mm SS) (10 % SP 1000, 1 % H3PO4, WAW 100/120)
(Teknokroma, Spain). The injector, oven, and detector
temperatures were 375, 130, and 350 °C, respectively. N,
was used as the carrier gas at 45 cm®/min. The concentra-
tion of C-glucose was determined as the difference be-
tween the TOC and the sum of C-VFA and C,ganic. The
determination of the TSS and VSS concentrations of
microalgal and microalgal-bacterial biomass was per-
formed according to Eaton et al. (2005). The analysis of
Chiomass and Npiomass Was conducted using a LECO CHNS-
932, while P biomass was measured using a 725-ICP
Optical Emission Spectrophotometer (Agilent, USA) at
213.62 nm. The concentration of Cyrganic and Norganic
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released into the liquid phase was determined based on
the percentage of structural C and N in the biomass and
the decrease in TSS concentration in the dark stages. The
identification, quantification, and biometry measurements
of microalgae were carried out by microscopic examina-
tion (OLYMPUS IX70, USA) of microalgal samples (fixed
with lugol acid at 5 % and stored at 4 °C prior to analysis)
according to Sournia (1978). The determination of PHB
was carried according to Zuiiga et al. (2011) using chlo-
roform as extraction solvent in an Agilent 6890N GC-MS
equipped with a DB-WAX column (30 mx0.250 mm x
0.25 pm) (J&W Scientific®, USA). The injector tempera-
ture was set at 250 °C. The oven temperature was initially
maintained at 40 °C for 5 min, increased at 10 °C/min up to
200 °C and finally increased at 5 °C/min up to 240 °C
(maintained for 2 min). Total lipid content in the biomass
was quantified gravimetrically according to Gémez et al.
(2013). Protein content in the biomass was estimated using
a nitrogen to protein conversion factor of 4.44 (Gonzalez
et al. 2010). The carbohydrate content was estimated from
the difference between the total biomass concentration and
its content of lipids, proteins, and ashes.

Results

The results obtained, given as the average + the error at
95 % confidence interval (n=5), were summarized in
Tables S1, S2, and S3. The C, N, and P mass balances
during dark cultivation showed recovery factors of 99.9+
1.7, 100.2+2.8, and 101.1+4.3 % in C. sorokiniana cul-
tures, respectively, and 100.0+0.4, 99.8+0.4, and 99.8+
19.6 % in the algal-bacterial cultures (Tables S1 and S2).
Similarly, the percentages of recovery obtained during
illuminated cultivation were 105.7+£12.5 % for C, 100.0
+3.0 % for N, and 103.8+16.4 % for P in C. sorokiniana
cultures and 100.3+£0.5 % for C, 101.2+4.6 % for N,
and 105.7+34.1 % for P in the algal-bacterial cultures
(Tables S1 and S2). Finally, the C mass balance under
nutrient deprivation conditions showed recovery factors
of 99.8+£5.3 and 99.6£1.7 % in C. sorokiniana and
algal-bacterial cultures, respectively (Table S3).

Mixotrophic cultivation under extended dark-light periods

C. sorokiniana underwent a partial hydrolysis during the
DS with a decrease in biomass concentration (as TSS) of
7.6%0.8, 15+6 and 17+£9 % during DS I, DS II, and DS
I, respectively. This hydrolysis entailed the built up of
Corganic and Norganic in the liquid phase as a consequence
of the solubilization of Cpjomass and Npiomass (Fig. la and
Table S1). However, biomass hydrolysis was negligible
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in algal-bacterial consortium and acidogenesis from glu-
cose occur in all DS, which resulted in increasing VFA
concentrations and therefore in the acidification of the
cultivation broth to neutral pH (Fig. 1b and Table S2).
The fraction of glucose hydrolyzed to VFAs remained
constant following 7 and 5 days of dark cultivation (63+
2 % and a final pH of 7.2+0.2), while glucose biotrans-
formation decreased to 39+6 % when the dark cultiva-
tion decreased to 2.5 days (final pH of 7.7+0.3). This
acidogenesis from glucose in algal-bacterial cultures in-
creased propionic acid concentrations at decreasing du-
rations of the dark stage, with a maximum share of 60 %
of the total VFA following 2.5 days of DS (Fig. 2).
Neither isocaproic, hexanoic, nor heptanoic acid was
detected at the end of the different DS evaluated
(Fig. 2). On the other hand, an increase in the soluble
P-PO,* concentration of 43 and 45 % was reported in
C. sorokiniana cultures following DS T and DS 1I, re-
spectively, while this value decreased to 20 % after DS
II (Fig. 3a). Surprisingly, a negligible phosphorus re-
lease to the cultivation broth was recorded in the algal-
bacterial consortium (Fig. 3b). The PHB (Fig. 3a), car-
bohydrate, protein, and lipid content in C. sorokiniana
during dark cultivation remained constant at 0.1+0.0, 45
+2, 43+2, and 0.7£0.1 %, along the three cycles tested.
In the algal-bacterial cultures, an increase in the PHB
concentration from 0.54+0.0 to 3.3+£0.3 % occurred dur-
ing the first 7 days of DS, but this value decreased
during the first illuminated period and remained constant
at 0.7+0.2 % along the entire experiment (Fig. 3b). The
carbohydrate, protein, and lipid contents of the
microalgal-bacterial biomass remained constant at 50+1,
32+1, and 2.5+0.1 %, respectively.

The biomass stoichiometric formulas experimentally deter-
mined following the LS I, II, and III for C. sorokiniana, and the
algal-bacterial consortium were CH; 7300 32N0.17S0.005P0.007
and CH; 7400.53N0.15S0.007P0.009, respectively. C. sorokiniana
presented biomass productivities of 70 g TSS/m*-d, 19 g TSS/
m’-d, and 16 g TSS/m’-d during the illuminated stages I, II,
and III, respectively and a complete C-acetate assimilations
(161+1, 150+3 and 160+5 g C-acetate/m’, respectively)
(Fig. la and Table S1). Surprisingly, C. sorokiniana only
assimilated 26+5 % of the C-glucose during LS I (40+8 g C-
glucose/m?), while no glucose assimilation was recorded dur-
ing LS II and III (Fig. 1a and Table S1). In the algal-bacterial
cultures, both the initial C-acetate and the VFA formed from
glucose biotransformation during DS were completely re-
moved in LS T and LS 1II, with biomass productivities of 43 g
TSS/m?-d and 50 g TSS/m’-d, respectively. These C elimina-
tions corresponded with an assimilation of 191+17 g C-acetate/
m’® (136+25 g/m’ from the initial C-acetate and 55+30 g/m’
from glucose acidogenesis) and 46+5 g/m’ corresponding to
C-VFA* during LS I and 198+42 g C-acetate/m’ (150+34 g/

m® from the initial C-acetate and 48+55 g/m’ from glucose
acidogenesis) and 45+4 g/m® of C-VFA* during LS II (Fig. 1b
and Table S2). Biomass productivity decreased to 24 g TSS/
m’-d in the illuminated stage III, which corresponded with an
assimilation of 194+8 g C-acetate/m® and 17+9 g/m’® of C-
VFA*. C-glucose removal accounted for 0.2+0.0 % (3+10 g
C-glucose/m’ assimilated), 68+7 % (37+14 g C-glucose/m’
assimilated), and 13+3 % (11+16 g C-glucose/m” assimilated)
in LS I, LS II, and LS III, respectively (Fig. 1b and Table S2).
TIC concentrations remained roughly constant during the illu-
minated stages, with an average TIC assimilation of 5.1+1.4 %
in C. sorokiniana cultures and a TIC generation of 7.2+1.7 %
(as a result of an intense respiratory release of CO,) in the
microalgal-bacterial broths (Fig. 1). C. sorokiniana supported
N-NH," removals of 97+1, 59+12, and 67+13 % during the
illuminated stages I, II, and III, respectively. Likewise, N-NH,"
removals of 97+7, 100+2, and 55+8 % were recorded in the
algal-bacterial cultures during LS I, LS II, and LS III. Neither
NO, nor NO; was produced by microalgae or by the algal-
bacterial cultures (Tables S1 and S2). On the other hand, P-
PO{3 removal efficiencies of 81+21, 32+16, and 29+18 %
were recorded in C. sorokiniana cultures in LS I, LS II, and LS
II. Likewise, the algal-bacterial consortia supported P-PO, >
removals of 84+18, 79418, and 42423 % in LS I, LS II, and
LS 11, respectively (Fig. 3).

Mixotrophic growth under nutrient deprivation conditions

Surprisingly, C. sorokiniana presented an average bio-
mass productivity of 134 g TSS/m’-d after 3 days of
mixotrophic cultivation in the absence of N and P, while
this productivity decreased sharply to 14 g TSS/m>-d by
day 6 and to 9 g TSS/m’-d by day 12. Likewise, an
average biomass productivity of 185 g TSS/m’-d was
recorded in the algal-bacterial cultures after 3 days of
cultivation, which gradually decreased to 8 g TSS/m’-d
by day 12. A total C-acetate assimilation of 86+19 %
(corresponding to 130+21 g C-acetate/m’) was observed
during C. sorokiniana cultivation, with removals of 43+
15, 4.7£0.9, 1948, and 20+8 % by day 3, 6, 9, and 12,
respectively (Fig. 4a and Table S3). On the other hand, the
algal-bacterial consortia presented a total C-acetate removal of
100 % (150+6 g C/m®), with an assimilation of 91+7 %
within the first 3 days (Fig. 4b and Table S3). Microalgae
cultures assimilated 83+ 14 % of the C-glucose available (141
+19 g C/m?) within the first 3 days, and surprisingly glucose
assimilation ceased afterwards (Fig. 4a and Table S3). Sim-
ilarly, 93+8 % of the initial C-glucose (146+9 g C/m®) was
assimilated by the algal-bacterial cultures, with a removal
of 70+9 % within the first 3 days of cultivation (Fig. 4b
and Table S3). C. sorokiniana cultures underwent an in-
crease in TIC from 7+1 to 11+1 % within the first 3 days
likely associated with the aerobic biodegradation of C-
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acetate and C-glucose. Afterwards, TIC concentration
remained roughly constant during the entire cultivation
(Fig. 4a and Table S3). In contrast, the algal-bacterial
cultures showed a gradual TIC assimilation from 13+2 to
3+0 % (Fig. 4b and Table S3).

Fig. 2 VFA distribution at the
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The carbohydrate content in C. sorokiniana increased
from 48+1 to 72+1 %. This increase was concomitant
with a decrease in the protein content from 40+1 to 16
+1 %, while lipid and PHB contents remained constant
at 0.840.1 and 0.4+0.0 %, respectively (Fig. 5a).

DS (5 days) DS (2.5 days)

0O C-isovaleric acid  ® C-1sobutiric acid B C-butiric acid

C-acetic acid

@ Springer

O C-propionic acid



Appl Microbiol Biotechnol

Fig. 3 Time course of the a)

distribution of dissolved P-PO, > () | DS I LSI | | DS II LSTI | DS 111 LS I
and Ppionmass (@) species and PHB 100, |_7days 8 days 7 days 15 days 7 days 30 days 6
content (—e—) in C. sorokiniana (a)
and algal-bacterial (b) cultures 50| ok s
2
2 a4 £
< 60 g
= =
-5
3
40
r2
20 L
0l ‘ : ‘ , . ‘ -0
0 7 15 0 7 22 0 7 37
b)
| DSI LSI DSII LSII DS 111 LSIII
100+ 7 days 14 days 5 days 14 days 2.5 days 14 days 6
80 | s
X
S F4<
£ 60 -
= L3 E
40 -
L2
20 - -
0- T T T T T 0
0 7 21 0 5 19 0 25 16.5
Time (days)

Similarly, the carbohydrate content in the algal-bacterial 0.3 %, while PHB concentration initially increased from
consortium increased from 49+3 to 65+2 %, along with ~ 2.9+£0.2 to 3.94+0.1 % within the first 3 days under
a severe decrease in the protein content from 33+3 to  nutrient limitation but gradually decreased to 1.1+
18+2 %. The lipid content remained constant at 2.3+ 0.2 % (Fig. 5b).
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Fig. 5 Time course of
carbohydrate (@), protein (0),
lipid (m), and PHB content (—e—)
during the mixotrophic
cultivation of C. sorokiniana (a)
and the algal-bacterial consortium
(b) under nutrient deprivation
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Discussion
Carbon assimilation

The recovery factors of =100 % in all C mass balances
validated both the analytical and instrumental methods used.
C. sorokiniana clearly showed a higher affinity for acetate
than for glucose or IC as a carbon source in both series of
experiments, which suggest that C-acetate assimilation result-
ed more energetically favorable. It seems that as long as the
level of acetate remains low (<4000 g/m®), some microalgae
can use it as their preferential carbon source. This is important
because acetate is a readily available and inexpensive sub-
strate derived from many industrial applications and its use
does not entail limitations during microalgae cultivation
(Pérez-Garcia et al. 2011a, b). In addition, the high pH record-
ed at the end of every LS (9.5+1.4 in C. sorokiniana and 10+
0.7 in algal-bacterial cultures) as a result of photosynthetic
activity, mediated an IC distribution mainly shifted towards
bicarbonate and carbonate, which constitute IC species not
readily available for C. sorokiniana growth (De Godos et al.
2010; Alcantara et al. 2013). Glucose assimilation by
C. sorokiniana occurred only during LS I and resulted in a
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26+5 % glucose removal, which was in agreement with the
limited glucose assimilation (28+2 %) reported by Alcantara
et al. (2013) during the mixotrophic cultivation of
C. sorokiniana in a minimum MSM at initial N-NH, " and
P-PO, > concentrations of 95+1 and 13+1 g/m?, respectively.
Although it is generally accepted that glucose can serve as a
carbon source for the growth of certain microalgae, the effect
of glucose on microalgae metabolism is species specific and
influenced by the impinging irradiation (Kamiya and
Kowallik 1987; Kamiya and Saitoh 2002). Interestingly, 83
+14 % of C-glucose was assimilated by C. sorokiniana during
the first 3 days of mixotrophic cultivation under nutrient
starvation, which suggests that nutrient deprivation boosted
both C-acetate and C-glucose assimilations. This additional
TOC assimilation resulted in an increase of the dissolved IC
within the first 3 days due to combined effect of an intensive
respiratory release of CO, and a gradual increase in the pH of
the cultivation broth (Fig. 4a and Table S3). These results con-
firm that microorganisms exhibiting a dual photoautotrophic and
heterotrophic metabolism can shift their nutritional mode based
on substrate and light availability (Abreu et al. 2012). Hence,
when simple carbohydrates or organic acids are present in the
medium, microalgae and cyanobacteria likely shift their
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metabolism from an autotrophic to a mixotrophic nutrition
mode to save energy (Venkata Mohan et al. 2014). The hy-
drolysis experienced by C. sorokiniana during the DS resulted
in a decrease of TSS and consequently in increases in the
concentration of dissolved Corganic and Norganic in the cultiva-
tion broth that were not further assimilated into biomass
during the subsequent LS (Fig. 1a and Table S1). Based on
the negligible hydrolysis of the algal-bacterial culture and its
higher biomass productivity during LS II and III, the results
suggest that C. sorokiniana was more sensitive to the absence
of energy supply during the extended dark stages.

The results obtained in the cultivation of the algal-bacterial
consortium suggested that the hydrolysis of glucose into
VFAs was mediated by bacterial metabolism. The fact that
the propionate to acetate ratio increased at decreasing duration
of the dark stage indicated that glucose was firstly converted
into propionic acid and finally into acetic acid. Thus, the
ability of microalgal-bacterial consortia to hydrolyze and
biotransform complex carbohydrates into simple organic mol-
ecules confirm the potential of these symbiotic consortia for
wastewater treatment (He et al. 2013). The algal-bacterial
biomass productivities and the negligible IC assimilation re-
corded also suggest that the extent of acidogenesis from
glucose boosted TOC removal and consequently the superior
algal-bacterial growth during the illuminated stages (Fig. 1b and
Table S2). Nevertheless, the assimilation of the glucose not
hydrolyzed was negligible. Similarly to C. sorokiniana cul-
tures, nutrient starvation triggered C-glucose assimilation by
the algal-bacterial consortium, which assimilated 93+8 % of
the initial C-glucose (Fig. 4b and Table S3). Surprisingly, the
185 g TSS/m’-d algal-bacterial productivity recorded during the
first 3 days of cultivation in the absence of nutrients was higher
than C. sorokiniana productivity (134 g TSS/m’-d). This higher
productivity was associated to the simultaneous occurrence of
photoautotrophic microalgae growth, which entailed an assimi-
lation of total IC of 78+7 % (165+14 mg of TIC consumed)
during experiment II (Fig. 4b and Table S3).

Nitrogen and phosphorus removal

The recovery factors of <100 % in N and P mass balances also
validated both the analytical and instrumental methods used
during the evaluation of the fate of these nutrients. The absence
of'both N losses by stripping (closed bottles) and nitrification in
both C. sorokiniana and algal-bacterial cultures confirm that
the main mechanism for N-NH, " removal was assimilation into
biomass (as Npjomass) (Table S1 and Table S2). N-NH," re-
movals of 97+1, 59+12, and 67+13 % and P-PO, > removals
of 81+7, 32+4, and 29+6 % were recorded in C. sorokiniana
cultures during the illuminated periods L, II, and III, respectively
(Table S1). Based on the fact that the microalgal N content
experimentally determined in C. sorokiniana remained con-
stant at 9.7+0.3 %, the decrease in N-NH," removal during

LS IT and LS I points out to a deterioration in C. sorokiniana
metabolism mediated by the prolonged absence of light during
DS 1I and III (Table S1). On the other hand, the release of P-
PO, by C. sorokiniana during the dark stages together with
the decrease in P-PO, > assimilation during LS II and III
induced a progressive decline in microalgal Pp;omass. Hence,
the P content of C. sorokiniana decreased from 1.5+0.2 % in
LSTto0 0.94+0.0 and 0.6+0.2 % by the end of LS I and LS III,
respectively. These results confirmed that microalgae, similarly
to PAOs (De-Bashan and Bashan 2004; Bajekal and
Dharmadhikari 2008; Mesquita et al. 2013), can release P under
anaerobic conditions in the absence of light, but P assimilation
in the subsequent illuminated stages did not occur in a similar
extent (e.g., structural P decreased from 1.9 to 0.8 % during DS
I and increased again to 1.5 % at the end of LS I). Luxury P
uptake in microalgae is influenced by the dissolved phosphate
concentration, light intensity, and temperature during
microalgae cultivation (Cade-Menun and Paytan 2010; Fanta
et al. 2010) and might explain the highly variable phosphorus
removal often reported in microalgae-based wastewater treat-
ment. Indeed, the amount of Py, 1S the result of the com-
bined effects of a luxury uptake and a growth-associated P
uptake (Powell et al. 2008, 2009). In this regard, the deteriora-
tion in the activity of C. sorokiniana caused by the cultivation
under prolonged dark periods likely promote the preferential
uptake of P-PO, > for growth during LS periods.

N-NH," removals in the microalgal-bacterial cultures of 97
+7,100+2, and 55+8 % and P-PO, > removals of 84+7, 79+
11, and 42+6 % were recorded in the illuminated stages I, II,
and 111, respectively (Table S2). Despite similar N-NH, " con-
centrations were initially present at the beginning of each
cycle in both cultures, the algal-bacterial biomass exhibited
lower Npiomass contents than microalgae (7.3+£0.2 % regard-
less of the operational stage). The absence of phosphorus
release to the cultivation medium during the dark period along
with the steady P-PO, > removal rates during the illuminated
stages can explain the constant Py;mass content in the algal-
bacterial biomass (1.1+0.1, 0.9+0.2, and 0.9+£0.1 % at the
end of LS I, LS II, and LS III, respectively). Finally, it must be
stressed that both N-NH, " and P-PO, > removals surprisingly
decreased at decreasing duration of the dark stages, which
suggested that N and P assimilation in algal-bacterial cultures
was influenced by the availability of VFAs, which itself was
influenced by the duration of the dark stages.

Macroscopic biomass composition

While no changes were observed in the carbohydrate, lipid,
and protein contents in the test series performed using extend-
ed dark-light cycles, nutrient starvation resulted in a steady
increase in carbohydrate content in both C. sorokiniana and
microalgal-bacterial cultures. In this context, phosphorus-
starved microalgae and cyanobacteria can experience an
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increased intracellular storage of carbohydrates, the extent of
this accumulation being strain specific (Gonzalez-Fernandez
and Ballesteros 2012). In our particular case, the
carbohydrate/protein ratio in C. sorokiniana under N and P
starvation increased from 1.2 to 2.7 within the first 3 days and
up to 4.5 by day 12, which corresponded with an initial and
final carbohydrate content of 48+ 1 and 72+1 %, respectively
(Fig. 5a). These results were in agreement with the increase
from 0.15 to 3.7 reported by Dean et al. (2008) in the
carbohydrate/protein ratio during Chlamydomonas reinhardtii
cultivation under P deficient conditions, while a lower in-
crease in the carbohydrate/protein ratio from 0.4 to 1.0 was
observed by Sigee et al. (2007) in the cultivation of P-starved
Scenedesmus subspicatus. A slightly lower carbohydrate ac-
cumulation from 49+3 to 6542 % was obtained in the algal-
bacterial cultures (Fig. 5b), where the carbohydrate/protein
ratio increased from 1.5 to 2.7 during the first 3 days and up
to 3.7 by day 12. A negligible lipid accumulation concomitant
with a decrease in the protein content was observed in both
C. sorokiniana and algal-bacterial cultures under N and P
deprivation (Fig. 5). While the fact that nitrogen starvation
induces an increase in the biomass lipid content has been
consistently proven (Li et al. 2012; Simionato et al. 2013),
the presence of P plays a key role on lipid productivity under
nitrogen deficient conditions in both microalgae (Feng et al.
2012; Chu et al. 2013) and bacteria (Harold 1966; Kulaev
etal. 1999). For instance, Chu et al. (2013) reported that the P
assimilated under nitrogen deficiency was utilized by the algal
cells to metabolically synthesize enzymes for the lipid synthe-
sis. Thus, the absence of phosphorous under nitrogen starva-
tion in our cultivation medium was likely a suppression factor
for lipid accumulation and promoted instead carbohydrates
accumulation (Chu et al. 2013).

Cultivation under extended dark-light periods did not boost
PHB accumulation neither in C. sorokiniana nor in the algal-
bacterial consortium. In our particular study, PHB accumula-
tion in C. sorokiniana cultures was negligible despite the
release of P during the dark stages (which was hypothesized
to be associated with the supply of the microbial energy
demand in the absence of light) (Fig. 3a). On the other hand,
a maximum accumulation of PHB of 3.3+0.3 % was observed
at the end of the first 7 days of dark stage in the algal-bacterial
cultures, which in fact was not associated with a P-PO, >
release to the cultivation medium (Fig. 3b). PHB content
decreased to 0.9+£0.2 % during the first illuminated stage
and remained roughly constant afterwards.

In the absence of N and P, C. sorokiniana possessed a
constant PHB content of 0.4+£0.0 % along the 12 days of
cultivation (Fig. 5a), which was in agreement with the 0.7 %
PHB content reported by De Philippis et al. (1992) during
photoautotrophic cultivation of Spirulina maxima under N
starvation. On the other hand, the PHB concentration in the
microalgal-bacterial biomass increased during the first 3 days
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from 2.9+0.2 to 3.9+0.1 % but gradually decreased to 1.1+
0.2 % afterwards (Fig. 5b). The results here obtained suggest
that despite the ability of some cyanobacteria to accumulate
significant amounts of PHB during mixotrophic cultivation
under extended dark periods or nutrient deprivation (Sharma
and Mallick 2005; Panda and Mallick 2007), PHB accumula-
tion in C. sorokiniana and the algal-bacterial consortium here
tested was not induced under N and P limiting conditions.

In brief, the ability of microalgal-bacterial consortia to
hydrolyze and biotransform glucose into simple organic mol-
ecules under extended dark periods confirmed the potential of
these symbiotic consortia for wastewater treatment. N and P
assimilation in algal-bacterial cultures during the illuminated
periods was influenced by the carbon available as VFAs,
which itself was a function of the duration of the dark stages.
C-VFA (initial C-acetate + C-VFA from glucose acidogenesis
in the algal-bacterial cultures) was the preferred carbon source
in C. sorokiniana and in the algal-bacterial consortium based
on the low-glucose and inorganic carbon assimilations record-
ed. Hence, in the presence of simple carbohydrates or organic
acids, microalgae and cyanobacteria can shift their metabo-
lism from an autotrophic to a mixotrophic nutrition mode to
save energy. Neither PHB nor lipid accumulation was induced
in C. sorokiniana or in the algal-bacterial consortium under
extended dark-light periods or N and P deprivation. Surpris-
ingly, nutrient deprivation boosted an efficient C-acetate and
C-glucose assimilation and resulted in a steady increase in
carbohydrate content concomitant with a decrease in protein
concentration in C. sorokiniana and microalgal-bacterial cul-
tures. This work provided new insights on the potential of
indigenous microalgae-bacteria symbiotic consortia as a plat-
form technology to avoid the high cost and technical limita-
tions associated with the axenic cultivation of microalgae in
order to consolidate an industrial scale microalgae-to-biofuel
technology based on wastewater treatment.
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Abstract

Algal-bacterial symbiosis, implemented in an innovative anoxic-aerobic photobioreactor
configuration with biomass recycling, supported an efficient removal of TOC (86-90%), IC (57-
98%) and TN (68-79%) during synthetic wastewater treatment at a HRT of 2 days and SRT of 20
days. The availability of inorganic carbon in the photobioreactor, determined by IC supply in
the wastewater and microalgae activity, governed the extent of N removal by assimilation or
nitrification-denitrification. Unexpectedly, N-NOs- production was negligible despite the high
dissolved O: concentrations, denitrification being only based on NO:2 reduction. Biomass
recycling resulted in the enrichment of rapidly settling algal flocs (1-2.8 m/h), which supported
effluent TSS concentrations below the EU maximum discharge limits and a maximum SVI of 66
mL/g. Finally, the maximum N20 emissions recorded (5.9-10¢ g N-N20/g N-input) were far
below the IPCC emission factors reported for WWTPs, confirming the environmental
sustainability of this innovative photobioreactor in terms of global warming impact.

Keywords: algal-bacterial symbiosis, dissimilatory nitrogen removal, enhanced sedimentation,
inorganic carbon competition, nitrous oxide emissions.

1. Introduction the costs associated with mechanical
aeration in activated sludge systems, which
represent 45-75% of the total operational
costs in conventional wastewater treatment

The synergistic relationship between
microalgae and bacteria play a key role

during the secondary or tertiary treatment
of domestic wastewater in photobioreactors
(De Godos et al., 2009; Arbib et al., 2014).
Photosynthetic oxygenation, together with
microalgae heterotrophic metabolism, can
boost the biodegradation of organic
pollutants present in wastewater (Mufoz
and  Guieysse, 2006). This in-situ
photosynthetic O: supply, apart from
reducing CO: emissions from organic
matter oxidation, can significantly decrease

plants (Chae and Kang, 2013). In addition,
the capacity =~ of  microalgae  to
simultaneously remove C, N and P via
mixotrophic assimilation represents an
important advantage in comparison with
aerobic activated sludge or anaerobic
digestion technologies in terms of enhanced
nutrient recovery (Arbib et al., 2014).

However, despite all these advantages,
microalgal-bacterial wastewater treatment
processes still present severe technical



limitations that hinder their full-scale
development. For instance, the poor
sedimentation ability of most microalgae
species often results in effluent suspended
solid concentrations far above the
maximum permissible discharge limits in
natural water bodies. Likewise, the
hydraulic retention times (HRT) applied in
high rate algal ponds (3-10 days) often limit
the nitrification of NH«*, which is a must in
the implementation of nitrogen removal
strategies via denitrification (Posadas et al.,
2015). In this context, nitrite or nitrate
reduction represents a key metabolic
pathway to remove N in wastewaters with
low C/N ratios when the supply of external
C-CO: to support a complete nutrient
removal via microalgal assimilation is not
technical or economically feasible (Molina
Grima et al, 2003). Therefore, the
development of innovative operational
and photobioreactor
configurations to simultaneously enhance
both nitrogen removal and biomass
harvesting is required to move towards a
sustainable industrial-scale implementation
of microalgae-based wastewater treatment
systems. In addition, the environmental
sustainability of

strategies

microalgae-based
wastewater treatment has been questioned
due to the ability of microalgae or
associated bacteria to synthesize N0, a
greenhouse gas with a global warming
potential 298 times higher than CO2. N0
emissions could jeopardize the benefits
associated to photosynthetic CO: capture in
a net greenhouse gas mass balance
(Fagerstone et al.,, 2011; Alcantara et al,,
2015). Unfortunately, the number of studies
assessing N20 emissions from algal-
bacterial photobioreactors treating
wastewater is scarce.

In this work, the operation of an innovative
anoxic-aerobic algal-bacterial
photobioreactor configuration with biomass
recycling (De Godos et al, 2014) was
optimized in order to promote nitrogen
removal via denitrification and the
development of a rapidly settling algal-
bacterial population. The influence of the
HRT, intensity and regime of light supply,
and dissolved O: concentration (DOC) in
the photobioreactor on the mechanisms

underlying carbon and nitrogen removal in
the anoxic and aerobic tanks was assessed
using a mass balance approach. The
characteristics ~ (Sludge
Volume Index (SVI) and biomass settling
rate) and N20 emission potential of the
biomass present in both reactors were also
detailed
characterization of the microalgal and
bacterial  population dynamics was
conducted wusing morphological and
molecular identification tools.

sedimentation

evaluated. Finally, a

2. Materials and Methods
2.1 Microorganisms and culture conditions

The anoxic and aerobic tanks were initially
filled with 3.2 g TSS/L of a consortium
composed of microalgae and cyanobacteria
(from now on referred to as microalgae)
from a HRAP treating diluted vinasse
(Serejo et al., 2015), and aerobic activated
sludge from Valladolid wastewater
treatment plant (Spain). The microalgal and
bacterial cultures used as inocula were
initially ~ settled  (centrifugation  was
discarded to avoid the disruption of the
flocs) and the biomass resuspended in
synthetic wastewater (SWW) prior to
inoculation in both reactors. The SWW was
initially composed of (per L of distilled
water): 500 mg Glucose, 1750 mg NaHCOs,
458 mg NHuCl, 62 mg KH2PO4, 7 mg NaCl,
4 mg CaCl2-2H20, 75 mg MgSO04+7H20, 2.5
mg FeSO4, 20 mg EDTA, 0.00125 mg ZnSOs,
0.0025 mg MnSOs, 0.0125 mg HsBOs, 0.0125
mg Co(NO:s)2, 0.0125 mg NazMoOs, and 6.25
x 10 mg CuSOa. This composition resulted
in 200 mg/L of dissolved total organic
carbon (TOC), 250 mg/L of dissolved
inorganic carbon (IC) and 120 mg/L of N-
NH+. A Dbuffer composed of 1.1 g
KH2PO4/Lssw and 2.3 g Ko:HPOs/Lssw was
additionally supplemented to maintain the
photobioreactor pH at 7.8+0.1 in order to
promote  bacterial  nitrification = and
minimize N-losses by NHs stripping.

2.2 Experimental photobioreactor

The experimental set-up consisted of an
anoxic tank interconnected to a
photobioreactor (Figure 1).
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Figure 1. Schematic of the anoxic-aerobic photobioreactor configuration. L and G represent the gas and
liquid sampling points in the anoxic and aerobic reactors.

The aerobic tank (photobioreactor) was an
enclosed jacketed 3.5 L glass tank (AFORA,
Spain) with a total working volume of 2.7 L.
The photobioreactor
illuminated by 4 x 5 meter strip LED lamps
(F30W-12V, Spain) arranged in a circular

was continuously

configuration, which provided 400+51
UE/m?s at the outer wall of the
photobioreactor. The temperature and

magnetic agitation of the photobioreactor
were maintained constant at 24+1 °C and
300 rpm, respectively, while the pH was
maintained at 7.8+0.1 by daily addition of
0.8 mL of HCI (37%) during Stages I and II.
The anoxic reactor consisted of a gas-tight
1L PVC tank with a total working volume
of 0.9 L maintained in the dark and
magnetically stirred at 300 rpm. The SWW,
previously sterilized at 121 °C for 20 min
and maintained at 7 °C, was fed to the
anoxic tank and continuously overflowed
by gravity into the aerobic photobioreactor.
The algal-bacterial broth was continuously
recycled at 3 L/d from the photobioreactor
to the anoxic tank in order to provide the
NOz and NOs (generated the
photobioreactor via biological nitrification)
required for The
temperature of the anoxic tank was
maintained constant at 24+1 °C. An Imhoff
of 1L

in

denitrification.

cone with a volume and

interconnected to the outlet of the
photobioreactor was used as a settler. The
algal-bacterial biomass settled was recycled
from the bottom of the settler into the
anoxic tank at 0.5 L/d and wasted 3 days a
week in order to control the algal-bacterial
SRT. The experiment was run for 186 days

(June 2014-November 2014).

2.3 Experimental design

The design of the experimentation was
conducted based on the hypothesis that
algal-bacterial photobioreactors for
wastewater treatment can support the
oxidation of NHs* into NO2/NOs, which
can then be easily removed through
denitrification (using the organic matter
present in SWW) under anoxic conditions
via internal recycling of the photobioreactor
broth (De Godos et al.,, 2014). During the
first 47 days (Stage I), the process was
operated at a HRT of 4 days (HRTanoxic = 1
day, HRTaerobic = 3 days) and a sludge
retention time (SRT) of 27+5 days under
continuous illumination (Table 1). In Stage
II (35 days), the HRT was decreased to 2
days while maintaining a SRT of 20+6 days.
Based on the absence of nitrification in the
aerobic tank, the DOC was decreased from
21+4 mg/L to 102 mg/L during Stage III (40



days) via continuous air bubbling at 10
mL/min through a ceramic sparger located
at the bottom of the photobioreactor to rule
out any potential inhibition of nitrifying
bacteria by photooxidation. During Stage
IV (32 days), the DOC and light intensity
were decreased to 5.8+0.9 mg O:/L and
162+40 pE/m?s, respectively, in order to
discard a light-mediated nitrifying bacteria
inhibition. Finally, cycles of 12 h of light
(160443 pE/m2s) and 12 h of dark (1
mL/min of air flow) were set in the
photobioreactor during Stage V (32 days) to
provide a competitive advantage for
nitrifying bacteria growth during the dark
periods.

Gas samples of 100 uL were taken from the
headspace of the anoxic and aerobic tanks
(after pressure measurement) three times a
week to record the N20 gas concentration
by GC-ECD. Liquid samples of 100 mL
were also drawn three times a week from
the SWW storage tank (influent), anoxic
tank, aerobic tank, wastage and clarified
effluent to monitor the concentration of
dissolved TOC, dissolved IC, dissolved N
species (TN, N-NHs*, N-NO2 and N-NOs)
and biomass concentration as total
suspended solids (TSS). The DOC,
temperature and pH of the cultivation
broth in both tanks were in situ recorded
every day. The C and N content of the
algal-bacterial biomass generated, along
with the characterization of the populations
of microalgae and bacteria, were also
experimentally determined in both tanks
under steady state conditions at the end of
each operational stage. In addition, the SVI
and settling rates of the algal-bacterial
consortia present in the anoxic and aerobic
tanks were also measured.

A virtual composition of the influent
wastewater to the anoxic tank was
calculated considering the dilution effect
mediated by the internal and external
recirculations in order to evaluate the actual
C and N removals in the denitrification
reactor. Therefore, virtual concentrations
(Vi) for dissolved IC, TOC, N-NH4", N-NO~
and N-NOs were calculated at the entrance
of the anoxic tank according to equation 1:

(-

(Cifeea X Qreea) + (Cip X Qgi) + (Cip X Qgg)
Qfeed + Qri + Qre

M

where Citea and Cip correspond to the
dissolved concentrations of the parameter i =
TOC, IC, N-NHz¢*, N-NOz2, N-NOs- and TN in
the SWW and photobioreactor effluent,
respectively, while Qteed represents the SWW
flow rate, Qri the internal recirculation flow
rate and Qre the external recirculation flow
rate.

A mass balance calculation was conducted
for TOC, IC, N-NHst and TN in each
operational stage wunder steady state
validity = of  the

experimentation carried out was thus

conditions. The

assessed by means of recovery factors
according to equation 2:

M; mass recovery X 100 (%) =

(lv[irem)anox + (Mirem)photobio + Miefﬂuent
Mi)sww

()

where (Mirem)anox represents the mass flow
rate (g/d) of the parameter i = TOC, IC, N-
NHs* and TN removed in the anoxic tank,
(Mirem)photobio the mass flow rate (g/d) of the
parameter i removed in the photobioreactor,
Miefivent represents the mass flow rate (g/d) of
the parameter i in the treated effluent and
(Mi)sww the mass flow rate (g/d) of the
parameter i in the SWW.

Additional effluent biodegradability tests
were performed in duplicate in 500 mL E-
flasks containing 225 mL of treated effluent
and 25 mL of aerobic activated sludge. The
assays were closed with cotton plugs and
incubated in the dark for 10 days at 25+1 °C
under continuous magnetic agitation at 200
rpm. Dissolved TOC, IC, TN, DOC and TSS
concentrations were measured at day 0, 5
and 10.

2.4 Analytical procedures

The impinging irradiation was measured as
PAR using a LI-250A light meter (LI-COR



Table 1. Operational conditions and process parameters during the evaluation of the performance of the anoxic-aerobic photobioreactor. The concentrations shown correspond to the

average values + standard deviations at steady state during stages I-V.

Stage I II 111 v A\Y
Reactor SWW | ANOXIC AEROBIC ANOXIC | AEROBIC | ANOXIC | AEROBIC | ANOXIC | AEROBIC | ANOXIC | AEROBIC
Experimental period (d) 47 35 40 32 32
HRT (d) 2 2 2 2
SRT (d) 27+5 20+6 21:3 2142 21+4
Lightintensity | _Day (I21) NAs | 0000 | 420421 | 00+00 | 400+51 | 00+00 | 400+51 | 00+00 | 162440 | 0.0%0.0 [0=%
(ME/m?s) Night (12h) o 0.0£0.0
Inlet SWW flow (L/d) 0.9+0.1 1.7+£0.2 1.7+0.2 1.7+0.2 1.7+0.1
Internal recycling (L/d) 3 3 3 3 3
External recycling (L/d) 0.5 0.5 0.5 0.5 0.5
TOC (mg/L) 205+ 6 31+1 201 45+1 29+2 39+1 21+1 38+1 24+1 3810 25+1
IC (mg/L) 253+7 57+2 6.1+1.5 160 + 4 114+ 3 98+1 19+5 103+1 33+2 123 +1 65+3
N-NH4* (mg/L) 121+3 42+1 28+1 55+1 33+1 35+1 5.5+0.6 31+1 3.1+£1.0 31+1 3.8+£0.6
N-NO» (mg/L) 0.0+£0.0| 0.1+0.0 0.9+0.2 0.0+0.0 48+0.5 0.0+0.0 13+0 0.0+£0.0 201 0.0£0.0 200
N-NOs (mg/L) 0.0+£0.0| 0.1+0.0 0.6+0.1 0.1+0.0 0.5+0.3 0.1+0.0 0.6+0.1 0.1£0.0 04+0.0 0.1£0.0 0.6+0.3
TN (mg/L) 123+7 43+1 302 55+1 39+1 35+1 200 311 24+1 32+1 25+1
TOC recovery (%) 100 101 99 100 99
IC recovery (%) 100 100 101 101 100
N-NH4* recovery (%) 102 102 98 98 100
TN recovery (%) N.A= 100 100 98 99 100
N20 (ppmv) 72+25 24 +7 10+1 129 +23 55+1.7 19+1.1 26+1.6 3.7+2.8 14+8 70+ 7P
Shannon-Wiener index 3.2 3.0 3.2 3.0 3.5 3.2 35 33 3.4 33
(Inoculum = 2.6)
pH 75+0.1 7.6+0.1 79+0.2 75+0.0 7.7+0.1 75+0.1 7.8+0.1 7.6+0.0 7.7+0.0 7.5+0.1 7.6+0.1
Air flow (mL/min) 0 0 0 0 10 0 7 0 1c
DOC (mg/L) ]:?ay (12h) N-A? 0.8+0.2 21+3 1.1+£0.5 21+4 1.6+04 102 22+04 5.8+0.9 22+0.7 23£3
Night (12h) 5.6+0.7

2 N.A. = Not applicable

® N20 concentration measured during light period
< Air flow only injected in the photobioreactor during the night




Biosciences, Germany) and expressed in
HE/m2s. The pressure at the head-space of
the anoxic and aerobic tanks was measured
using a PN 5007 (IFM, Germany). The N20O
gas concentration was determined using a
Bruker Scion 436 gas chromatograph (Palo
Alto, USA) equipped with an Electron
Capture Detector and a HS-Q packed
column (I m x 2 mm ID x 3.18 mm OD)
(Bruker, USA). Injector, detector and oven
temperatures were set at 100 °C, 300 °C and
40 °C, respectively. Nitrogen was used as
the carrier gas at 20 mL/min. External
standards prepared in volumetric bulbs
(Sigma-Aldrich, USA) were used for N20O
quantification.

TN, TOC and IC concentrations were
determined using a Shimadzu TOC-V CSH
analyzer equipped with a TNM-1 module
(Japan). N-NH+* was measured using the
Nessler  analytical method in a
spectrophotometer U-200 (Hitachi, Japan)
at 425 nm. N-NOz and N-NOs were
analyzed by HPLC-IC with a Waters 515
HPLC pump coupled with a Waters 432
ionic conductivity detector and equipped
with an IC-Pak Anion HC (150 mm x 4.6
mm) Waters column. N-NOz and N-NOs
were also determined by colorimetry
according to Eaton et al. (2005). DOC and
temperature were determined using an OXI
330i oximeter (WTW, Germany), while a
Crison micropH 2002 (Crison instruments,
Spain) was used for pH determination. The
concentration of TSS, biomass settling rate
and SVI were determined according to
Eaton et al. (2005). The analysis of the
carbon and nitrogen biomass content was
conducted using a LECO CHNS-932. The
identification, quantification and biometry
measurements  of  microalgae  were
conducted by microscopic examination
(OLYMPUS IX70, USA) of the algal-
bacterial cultivation broths (fixed with
lugol acid at 5% and stored at 4 °C prior to
analysis) according to Sournia (1978).

Biomass samples from both the anoxic and
aerobic reactors were collected at the end of
every stage and immediately stored at -20
°C in order to evaluate the richness and
composition of the bacterial communities.
The V6-V8 regions of the bacterial 165

rRNA genes were amplified by Polymerase
Chain Reaction (PCR) analysis using the
universal bacterial primers 968-F-GC and
1401-R (Sigma-Aldrich, St. Louis, MO, USA;
Niibel et al., 1996). The PCR mixture (50
uL) contained 2 pl of each primer (10 ng pl-!
each primer), 25 puL of BIOMIX ready-to-
use 2x reaction mix (Bioline, Ecogen), PCR
reaction buffer and deoxynucleotide
triphosphates (dNTPs), 2 pL of the
extracted DNA and Milli-Q water up to a
final volume of 50 uL. PCR was performed
in a iCycler Thermal Cycler (Bio Rad
Laboratories, Inc) with the following
thermo-cycling program for bacterial
amplification: 2 min of pre-denaturation at
95 °C, 35 cycles of denaturation at 95 °C for
30 s, annealing at 56 °C for 45 s, and
elongation at 72 °C for 1 min, with a final 5-
min elongation at 72 °C. Size and yield of
PCR products were estimated using a 2000-
bp DNA ladder, Hypperladder II (Bioline,
USA Inc) in 1.8% agarose gel (w/v)
electrophoresis and GelRed Nucleic Acid
Gel staining (Biotium). The DGGE analysis
of the amplicons was performed on 8%
(w/v) polyacrylamide gels with a
urea/formamide denaturing gradient of 45-
65% (Roest et al., 2005). Electophoresis was
performed with a D-Code Universal
Mutation Detection System (Bio Rad
Laboratories, Inc) in 0.5xTAE buffer at 60
°C and 85 V for 16 h. The gels were stained
with GelRed Nucleic Acid Gel (1:10000
dilution; Biotium) for 1 h.

The sequencing and DNA sequence
analysis were carried out as follows:
Individual bands were excised from the
DGGE gel with a sterile blade, resuspended
in 50 pl of ultrapure water, and maintained
at 60 °C for 1 h to allow DNA extraction
from the gel. A volume of 5 pl of the
supernatant was used for reamplification
with the original primer sets. Before
sequencing, PCR products were purified
with the GenElute PCR DNA Purification
Kit (Sigma- Aldrich, St. Louis, MO, USA).
The taxonomic position of the sequenced
DGGE bands was obtained according to
Frutos et al. (2015). Sequences were
deposited in GenBank Data Library under
accession numbers KP797888-KP797908.



Bacterial DGGE profiles were compared
using the GelCompar IITM software
(Applied Maths BVBA, Sint-Martens-
Latem, Belgium). The gels were normalized
by using internal standards. After image
normalization, bands were defined for each
sample using the bands search algorithm
within the program. The software carries
out a density profile analysis for each lane,
detects the bands, and calculates the
relative contribution of each band to the
total band intensity in the lane. Similarity
indices within the bacterial populations
were calculated from the densitometric
curves of the scanned DGGE profiles by
using the Pearson product-moment
correlation coefficient (Hane et al., 1993),
and were subsequently used to depict a
dendrogram by using UPGMA clustering
with error resampling (500 resampling
experiments). Peak heights in the
densitometric curves were also used to
determine the Shannon-Wiener diversity
indices according to equation 3:

H=->[RIn(R)] o)

where Pi is the importance probability of
the bands in a lane (Pi = ni/n, ni is the height
of an individual peak and n is the sum of all
peak heights in the densitometric curves).

3. Results and discussion

The TOC, IC and TN mass balances showed
average recovery factors of 100+0 %, 100+1
% and 99+1 %, respectively, which
validated both the analytical and
instrumental methods used in this study
(Table 1). The symbiosis between
microalgae and bacteria in this anoxic-
aerobic  photobioreactor  configuration
supported a very efficient and robust
organic carbon elimination, with TOC
removals of 88+2 % regardless of the
operational conditions (Figure 2a). On the
other hand, IC removal was correlated with
microalgae activity in the photobioreactor
and the HRT, with a maximum removal of
98+6 % during Stage 1 (Figure 2b). NHs*
removal was significantly influenced by the
extent of nitrification in the photobioreactor,
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Figure 2. Total organic carbon (a), inorganic
carbon (b), ammonium (c) and total nitrogen (d)
removals in the anoxic tank (grey) and
photobioreactor (white), respectively, during the
steady state of the 5 operational stages evaluated.

with an average NHs" removal of 77+2 %
during Stages I and II and 95+2 % during
Stages III, IV and V (Figure 2c). However,
TN removal remained roughly constant at
76x5 % during the entire experiment as a
result of a TN removal shift from N-NHg
assimilation into  biomass in the
photobioreactor towards NO=
denitrification in the anoxic tank. In this
context, TN removal in the anoxic tank was
directly  linked with the  N-NH4
transformed  into  N-NOr  through
nitrification in the photobioreactor. Thus,
the lower the TN removal in the
photobioreactor (high NOz concentration in
the effluent) the higher the TN removal in
the anoxic tank (high NO2 concentration



removed by denitrification) (Figure 2d). In
addition, high biomass productivities
(106£16 g/m3reactord) were recorded during
the entire experiment. This macroscopic
photobioreactor performance was
comparable to that reported by De Godos et
al. (2009) in an outdoors 464-L. HRAP
treating piggery wastewater at 10 days of
HRT under a maximum irradiation of 1354
HE/m%s, where a maximum biomass
productivity of 80 g/mdactord with total
carbon and nitrogen removals of 77% and
69%, respectively, were recorded. Similarly,
Posadas et al. (2015) reported TOC
removals of 84+1% and TN removals of
66+5%, corresponding with biomass
productivities of 13541 g/m3weactord, during
secondary domestic wastewater treatment
in an outdoors 800-L HRAP at a HRT of
28402 d under a light irradiance of
2125uE/m?s (9.3+1.7 h/day). Finally, Arbib
et al. (2013) reported a maximum biomass
productivity of 63 g/m3d in an outdoors
533 L-HRAP sparged with flue gas (4-5%
CO2) at 20 mL/min treating domestic
wastewater at 8 days of HRT under a
maximum light intensity of 2000 pE/m?s.
This biomass productivity corresponded
with a TN removal of 93%, while TOC
removal remained negligible likely due to
the low biodegradability of the organic
matter present in the wastewater.
Therefore, the high and consistent C and N
removal
productivities recorded at HRTs as low as 2
days under 12h light/12h dark cycles at
moderately ~ high  light  intensities
demonstrated the potential of this

efficiencies and biomass

innovative anoxic-aerobic photobioreactor
for wastewater treatment.

3.1 Carbon and Nitrogen removal in the anoxic
tank.

TOC removals of 65+2 % were recorded in
the anoxic tank regardless of the type and
concentration of electron  acceptors
supplied to the anoxic tank (Figure 2a).

Indeed, O: was the main electron acceptor
during Stages I (2143 mg O2/L) and II (21+4
mg O2/L), while NOz accounted for 0.9+1.2
mg N-NO:z/L (=10% of the electron acceptor
potential of the DOC) and 4.8+0.5 N-NOz/L
(#52% of the electron acceptor potential of
the DOC) in Stages I and II, respectively.
NOz became the main electron acceptor
with 1320 mg N-NO:z/L, 20+1 mg N-NO2/L
and 20+0 mg N-NO2/L during Stages III, IV
and V, respectively. This heterotrophic
TOC removal resulted in average TOC
concentrations in the anoxic tank of 38+1
mg/L, which were associated with an
average N-NHi* elimination of 22+2 %
(Figure 2c and Figure 3a). This
corresponded with a ratio of 4.9+02 g
TOCremoved/g N-NHa*removed, Which matched
the 5.2+0.4 g Coiomass/g Nbiomass ratio obtained
from the elemental analysis of the algal-
bacterial biomass generated in the anoxic
tank and suggested that all N-NH
removed in the anoxic tank was assimilated
as structural N by heterotrophic bacteria.
The active denitrification occurring in the
anoxic tank resulted in a complete
depletion of N-NO2 and N-NOs" from stage
I onward (Figure 4a). IC removal in the
anoxic tank was negligible during the entire
experiment, which  confirmed  that
autotrophic assimilation (biotic removal)
and/or CO: stripping (abiotic removal) at a
pH of 7.6+0.1 did not occur under these
operational conditions (Figure 2b and 3a).
The extent of TN removal under anoxic
conditions was directly proportional with
the N-NOz and N-NOs supplied from the
photobioreactor to the anoxic tank via
internal recycling.

Hence, TN removal increased from 23+2 %
in Stage I to 613 % in Stage V mediated by
the stepwise increase in N-NOx
concentration in the photobioreactor
(Figure 2d), which resulted in TN
concentrations in the anoxic tank
decreasing from 43+1 mg TN/L to 32+1 mg
TN/L, respectively (Table 1 and Figure 4c).
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Figure 3. Time course of (a) IC (—A-) and TOC (-e-) concentration in the SWW, virtual inlet IC (---) and
TOC (—) concentrations in the anoxic tank due to the dilution effect mediated by the internal and external
recirculations, concentrations of IC (-A-) and TOC (-o-) in the anoxic tank, and of (b) the inlet IC (- A-)
and TOC (-e-), and outlet IC (-A-) and TOC (-o-) concentrations in the photobioreactor. Vertical dashed

lines separate the different operational stages.

3.2 Carbon and Nitrogen removal in the
photobioreactor.

Mixotrophic  microalgae and aerobic
bacteria in the photobioreactor assimilated
as structural carbon 24+3 % of the influent
TOC supplied in the SWW (Figure 2a),
resulting in average effluent TOC
concentrations of 24+1 mg/L regardless of
operational conditions (Figure 3b). The
additional effluent biodegradability tests
conducted confirmed that this residual
effluent TOC concentration corresponded
with the non-biodegradable fraction of the
organic matter present in the SWW, which
indeed matched the concentration of the
recalcitrant chelating agent EDTA. The
occurrence of IC the
photobioreactor ~during Stage I, as
suggested by the low IC concentrations

limitation in

recorded (6.1+1.5 mg/L), can explain the
absence of a significant nitrification in this
unit. Hence, the fact that autotrophic
nitrifiers were outcompeted by microalgae
during IC uptake likely cause that most IC
and/or N-NHgs
assimilation into algal and heterotrophic
bacterial biomass (Figure 3b and 4b). At this
point, the HRT was decreased to 2 days
while maintaining the SRT at 20+6 days in
order to favor nitrifying activity (Stage II)
(Table 1). Despite the increase in TOC
loading rate, the system was able to
maintain a stable DOC in the culture broth
of 214 mg /L due to an intense
photosynthetic activity during Stage II. This
high DOC, coupled with the decrease in the
HRT, entailed an accumulation of IC and
N-NH4* in the photobioreactor during Stage
II, which decreased the algal-bacterial

were removed by
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Figure 4. Time course of (a) N-NHs (-A

—) concentration in the SWW,

virtual influent N-NH4*

concentration in the anoxic tank after dilution (---), concentration of N-NHs* (-A-), N-NO2 (-e-) and N-

NOs (—0-) in the anoxic tank), of (b) the concentrations of inlet N-NHa* (-

A-) and outlet N-NH4" (-A-), N-

NO2 (-e-) and N-NOs- (—o-) in the photobioreactor, and of (c) TN concentration in the SWW (- A-), anoxic
tank (— A-) and photobioreactor (—o-). Vertical dashed lines separate the different operational stages.

biomass concentration from 2531+191 mg
TSS/L to 2061+37 mg TSS/L (Figure 3b, 4b
and 5a). This increase in IC and N-NHa4*
availability significantly
higher nitrification activity, which resulted
in N-NO2 concentrations of 4.8+0.5 mg/L in
the steady state corresponding to Stage II
(Table 1 and Figure 4b). Stage IIl was
characterized by an active air diffusion in
the photobioreactor at a flow rate of 10
mL/min, which supported an efficient O
stripping and the stabilization of the DOC
at 10+2 mg Oo/L (Table 1). This moderate
DOC, together with the high irradiation
(400+£51 pE/m?s) and neutral pH (7.8+0.1) in
the photobioreactor, entailed an enhanced
utilization of the IC for biomass formation
via photosynthesis and nitrification. This

resulted in a

autotrophic IC removal (93£10 %, Figure
2b) resulted in an increase in biomass
concentration up to 2881160 mg TSS/L
(Figure 5a) and final IC, N-NH+* and N-
NOz steady state concentrations in the
effluent of 19+5 mg IC/L, 5.5£0.6 mg N-
NH4+'/L and 13+0 mg N-NOz/L, respectively
(Figure 3b and 4b). At this point it should
be highlighted that O: is a product of
photosynthesis, which competes with CO:
as a substrate for the active sites of the
enzyme ribulose bisphosphate carboxylase
(RuBisCO) (a key catalyst of the Calvin
cycle to transform CO: into organic
compounds) (Madigan et al., 2009). Thus, a
potential competition between O2 and CO:
for RuBisCO enzyme active sites likely
occurred at the high DOC recorded
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Figure 5. Time course of TSS concentration in (a) the biomass wastage (-e-), anoxic tank (—¢-) and
photobioreactor (—-A-), and (b) the final effluent (—o-) during the entire experiment. Vertical dashed lines
separate the different operational stages. Sludge volume index (SVI) (c) in the anoxic (grey bars) and
aerobic (white bars) reactors at the end of each operational stage.

during Stage II. Indeed, despite the extent
of DO-medjiated inhibition in microalgae is
strain specific (Peng et al., 2013), a DOC
higher than 20-25 mg O2/L often results in
decreased yields of biomass production,
pigment
photooxidative damage on microalgae cells
(Tredici, 1999). The decrease in both DOC
(5.8409 mg Oz/L) and light intensity
(162440 pE/m?-s) imposed during Stage IV
(Table 1) clearly boosted NH4* nitritation,
with an increase in N-NO2 concentration
up to 20+1 mg N-NO2/L at a constant pH of
7.7+0.0. Unexpectedly, N-NOs production
remained inhibited despite the availability
of IC, NO2 and dissolved O: (Table 1 and
Figure  4b). Biomass  concentration
decreased to 21344224 mg TSS/L in the
photobioreactor during Stage IV (Figure 5a)
as a result of the less active photosynthetic
activity, which also induced a decrease in
IC removal efficiencies to 88 + 7 % (Figure
2b) and a slight increase in the effluent IC
concentrations of 33+2 mg IC/L (Figure 3b).

content and promotes

A detailed C balance in the system revealed
that the decrease in Cbiomass concentration in
the photobioreactor during Stage IV was
higher than the corresponding increase in
IC concentration, which suggests that part
of the IC was removed by air stripping. The
high light intensity (400 uE/m?s) supplied
to the photobioreactor during previous
stages might inhibited
bacterial nitrifiers in the photobioreactor

have partially

since it has been consistently shown that
high irradiations can inhibit nitrification via
photooxidation of the bacterial cytochrome
(Lavrentyev et al., 2000). For instance,
Guerrero and Jones (1996) reported a 80%
NHs* oxidizing bacteria inhibition at a light
intensity of 115 uE/m?s due to cytochrome
photooxidation. Similarly, Yoshioka and
Shaijo (1984) observed light inhibition of
both NHs* and NOz oxidizing bacteria at
light intensities as low as 75 uE/m?s (12-h
light:12-h dark). Finally, 12h/12h 1ight-dark
cycles combined with process aeration
during dark periods were set during Stage



V in order to provide a competitive
advantage to nitrifying bacteria. Under
these operational conditions, the removal
efficiency of IC dropped to 73+4 % (Figure
2b), corresponding to IC and TSS
concentrations in the photobioreactor of 65
+ 3 mg/L and 1593483 mg/L, respectively
(Figure 3b and Figure 5a). Nevertheless, no
enhancement in nitrifying activity was
recorded, the effluent N-NO:2 concentration
remaining constant at 200 mg/L with a
negligible N-NOs production (Figure 4b).
Further research on light-mediated
inhibition on nitrifying activity is therefore
needed given the current interest in
microalgae-based wastewater treatment in
outdoors photobioreactors. Finally, the
extent of TN removal in the
photobioreactor (mainly due to assimilation
at pH of 7.8+0.1) gradually decreased with
the increase in NHs* nitrification despite the
enhanced N-NH4* removal by assimilation,
which resulted in TN concentrations in the
effluent above the maximum concentration
of TN permissible for wastewater discharge
into the environment according to
European  Directive = 91/271/CEE  on
discharge of domestic waters (15 mg TN/L)
during the entire experiment (Figure 4c). In
this context, the optimization of the internal
recycling has the potential to further
decrease the effluent TN concentrations.

3.3 Algal-bacterial population and
sedimentation capacity.

The high similarity found in the
populations of microalgae (Figure 6) and
bacteria (Table 2) present in the aerobic and
anoxic  tanks  during the  entire
experimentation was due to the high
internal (Qri = 1.8 X Qfeed) and external (Qre
= 0.3 X Qred) recycling rates used in this
system.

The microalgae inoculum, which was
mainly composed of (% of cells)
Pseudanabaena sp. (42%), Planktothrix isothrix
(32%),  Stigeoclonium  setigerum  (11%),
Chliorella sp. (3%), Scenedesmus ecornis (2%)
and other minor species (10%), was rapidly
overcome by Scenedesmus ecornis (35%) and
Scenedesmus obtusus (46%) during Stage I
(Figure 6). The abundance of the genus

Scenedesmus decreased over time

concomitantly with the appearance of
Chlorella sp. (40%), Acutodesmus obliquus
(37%) and Pseudanabaena sp. (22%) in Stage
II. Stage III was characterized by a severe
change in microalgae population, with new
species such as Chlorella vulgaris (48%),
Leptolyngbya  benthonica ~ (16%)  and
Geitlerinema sp. (7%) becoming dominant
along with Acutodesmus obliquus (18%).
Finally, Chlorella vulgaris became the most
important species during Stage IV and V
(66%) (Figure 6).

The effluent TSS concentration accounted
for 56 + 6 mg TSS/L during Stage I, 1I and
III (Figure 5b) (98 £ 1% of TSS removal),
which remained wunder the maximum
permissible  discharge limit in EU
legislation (60 mg TSS/L to 2000-100000
Inhabitants Equivalent (European Directive
91/271/CEE on discharge of domestic
waters). However, the dominance of
Chlorella vulgaris in Stage IV and V entailed
an increase in the effluent TSS
concentration up to 91+19 mg TSS/L (96 +
2% of TSS removal) and 145+6 mg TSS/L (91
* 2% of TSS removal), respectively (Figure
5b).

The Shannon-Wiener diversity index takes
into account both the sample richness
(relative number of DGGE bands) and
evenness (relative intensity of every band)
of the species present in a microbial
community, with low and high typical
values of 15 and 3.5, respectively
(McDonald, 2003). The activated sludge
inoculum sample exhibited a relatively low
bacterial diversity index (2.6), while
bacterial diversity increased gradually in
both reactors up to 3.5 (highlighting the
high biodiversity of the communities
established in the system during the entire
experiment) (Table 1). The analysis of the
Pearson similarity coefficients showed low
similarities of 36 % and 26 % between the
inoculum and the microbial communities
present in the anoxic and aerobic reactors,
respectively, from Stage I to V. On the other
hand, the differences among microbial
communities in the anoxic and aerobic tank
during the entire experiment were
negligible, with high similarities among
bacterial populations of 87 % and 79%,
respectively. From the DGGE gel, 21 bands
were sequenced and 4 different phyla



Table 2. RDP classification of the bacterial DGGE bands sequenced with at least 50% of confidence level, and corresponding closest relatives in Genbank obtained by the BLAST
search tool with their similarity percentages, and environments from which they were retrieved. Intensity < 20 = x, 20 < intensity > 80 = xx, intensity > 80 = xxx.

) Aerobic Anoxic
Taxonomic placement Band n° Start-up Closest relatives in Blast Similarity Source of origin
(50% confidence level) I m v v I " v | v Name (accession number) (%) g
Phylum Proteobacteria 1 XX XX XXX | XXX );X X; X; );X Uncultured bacterium (JQ054610) 89 Soil
Class Gammaproteobacteria
Order Aeromonadales
Family Aeromonadaceae 2 XXX XX XX );X XX X; Aeromonas sp. (KJ576901) 99 Distillery waste water contaminated aquatic resource
Genus Aeromonas 3 XX XXX XXX XXX );X );X X: X: );X Aeromonas aquariorum (KC953873) 99 Hypereutrophic water
Aeromonas sp. (JN697677) 96 Rice root endosphere
Order Enterobacteriales
Family Enterobacteriaceae Acclimated activated sludge under
4 X X X X XX XX XX X XX Klebsiella sp. (JF701187) 92 anaerobic/anoxic/aerobic reactor for
dimethylaminobenzene removal
Genus Citrobacter 5 XX XXX XXX XXX XXX XX XX X; XX );X Citrobacter freundii (KF938666) 99 Membrane bioreactor activated sludge
Citrobacter sp. (KF657722) 99 Coastal sediments
Order Xanthomonadales
Family Xanthomonadaceae
Genus Pseudofulvimonas 6 - UV I IV XX XX XX XX XX Uncultured Xanthomonadaceae (EU305597) 100 Effect of organic matter on nitrite oxidation and
X X X X X heterotrophic bacteria in wastewater plant (WWTP)
XX Effect of organic matter on nitrite oxidation and
7 XX XX XX XXX XX M XX XX Uncultured Xanthomonadaceae (EU305594) 89 heterotrophic bacteria in wastewater plant (WWTP)
Order Alteromonadales
Family Shewanellaceae
Genus Shewanella 8 XXX | XXX | XXX );X );X X; X; );X Uncultured Shewanella sp. (KC166842) 98 Sediment of an anaerobic aquifer
Shewanella putrefaciens (NR_074817) 98 Culture Collection
Class Alphaproteobacteria 9 XXX XXX XX XX XX XX Uncultured Ancalomicrobium sp. 99 Microbial fuel cell anode
X X X (JF817705)
Uncultured bacterium (FR774629) 97 Wastewater treatment plant
Uncultured bacterium (DQ35498) 97 Activated sludge
Order Rhizobiales 10 XX );X Uncultured Mesorhizobium sp. (HM987196) 90 Bioreactor simulating a low temperature oil reservoir
11 XX XX XX XX XX );X XX Uncultured bacterium (FJ971727) 95 Granular sludge
Uncultured Alphaproteobacteria (CU918729) 95 Mesophilic anaerobic digester treating municipal
wastewater sludge
Order Rhodobacterales
Family Rhodobacteraceae 12 XX XX XXX XXX XXX XX );X X;( X;( );X Uncultured Rhodobacter sp.(JF522357) 89 Microbial fuel cell
Class Betaproteobacteria
Order Burkholderiales
Family Comamonadaceae




Table 2. continued.

Aerobic Anoxic
Taxonomi.c placement Band n° Start-up Closest relatives in Blast Similarity Source of origin
(50% confidence level) M m v v M m v v Name (accession number) (%) g
Genus Simpliscipira 13 XX XX Enwronmen(t(e:xlulégségag)A sequence 94 Wastewater treatment plant anoxic basin
Simplicispira sp. (AM236310) 94 Commercial nitrifying inoculum
Order Rhodocyclales
Family Rhodocyclaceae
Genus Thauera 14 X XX XXX XX XX XXX | Xxx XXX XXX Uncultured Thauera sp. (KC166840) 96 Sediment of an anaerobic aquifer
Uncultured bacterium (AB563209) 9% Biofilm attached to perli(e in an aerobic biological
reactor treating dairy farm wastewater
Thauera sp.( AM231040) 96 Activated sludge
Class Deltaproteobacteria
Order Desulfovibrionales
Family Desulfovibrionaceae
Genus Desulfovibrio Activated sludge taken from a microaerobic bioreactor
15 XX XX XXX | oxxx | xxx Uncultured bacterium (KC179062) 97 treating for synthetic wastewater using glucose as the
sole carbon source
Uncultured bacterium (AB175371) 97 Mesophilic anaerobic BSA digester
Phylum Actinobacteria
Class Actinobacteria
Subclass Actinobacteridae
Order Actinomycetales 16 M M M X . Uncultured bacterium (JQ038784) 99 Biotrickling filter (BTF) treating low F:oncentrations of
methyl mercaptan, toluene, alpha-pinene and hexane
Uncultured Actinobacteria (CU926089) 08 Mesophilic anaerobic digester which treats municipal
wastewater sludge
Suborder Micrococcineae
Family Intrasporangiaceae 17 X X XX XX XX XX X XX X Arsenicicoccus bolidensis (FM163604) 86 Soil
Subclass Acidimicrobidae
Order Acidimicrobiales
Suborder Acidimicrobineae
Family Lamiaceae
Genus Lamia 18 XX XX XX XX X XX XX Uncultured bacterium (KF428019) 99 Sewage activated sludge
Candidatus Microthrix parvicella (JQ624332) 99 Wastewater treatment plant
Candidatus Microthrix parvicella (X89560) 99 Culture collection
Phylum Chlamydiae
Class Chlamydiae
Order Chlamydiales
Family Parachlamydiaceae
Genus Parachlamydia 19 X Protochlamydia naegleriophila (F3532294) 94 Sludge from clarifier
Phylum Firmicutes
Class Clostridia
Order Clostridiales
Family Peptostreptococcaceae
Genus Clostridium XI 20 X XX x XX XX XX Uncultured bacterium (AM500813) 99 Composting sample
Uncultured bacterium (KC551590) 99 Activated sludge
Unclassified Bacteria 21 XX XX XXX XXX x XX x| xxx Phormidium sp. (EU078511) 94
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Figure 6. Time course of the microalgae population structure in the anoxic (a) and aerobic (b) reactor
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were retrieved from the RDP database:
Proteobacteria (15 bands), Actinobacteria (3
bands), Chlamydiae (1 band) and
Firmicutes (1 band), while one band
remained unclassified (Table 2).
Proteobacteria was the main phylum in
both  reactors, while Actinobacteria,
Chlamydiae and Firmicutes phyla, which
are typically responsible of organic matter
degradation in  wastewater  sludge
treatment plants, were mostly present in
the inoculum (bands 16-20). The denitrifiers
Simplicispira (band 13) and Thauera (Band
14) (Hao et al.,, 2013) were the dominant
genus in the anoxic and aerobic reactors.
Bacteria from the genus Rhizobiales were
slightly detected in bands 10 and 11 in both
reactors from Stage I to IV (20 < intensity >
80), which are typically associated with the

oxidation  of nitrite into nitrate ~ during
Unexpectedly, N-NH4*
oxidizing bacteria genes were not detected
during the entire experiment likely due to
the low nitrifying bacteria concentration in
the culture broth mediated by the
competition with microalgae population for
IC.

nitrification.

The SVIs of the algal-bacterial biomass from
the anoxic tank and photobioreactor
remained similar and constant from Stage I
to IV, with average values of 64+7 mlL/g
and 63+3 mL/g, respectively (Figure 5c).
These SVIs values, corresponding with
average settling rates of 1.4+0.3 m/h in the
anoxic tank and 19402 m/h in the
photobioreactor, were significantly higher


http://en.wikipedia.org/wiki/Nitrite
http://en.wikipedia.org/wiki/Nitrate

than the sedimentation rates of 0.42 m/h
and 0.28 m/h reported in a similar
photobioreactor configuration by De Godos
et al. (2014) in the anoxic and aerobic
reactors, respectively. During Stage V, the
SVI decreased to 26 mL/g in the anoxic tank
and 32 mL/g in the photobioreactor, along
with an increase in the sedimentation rate
of 2.8 m/h in both reactors (Figure 5c). SVI
values below 100 mL/g are indicative of
good settling, while SVI values above 150
mL/g are typically associated with sludge
bulking and a poor sedimentation
performance (Parker et al., 2001). Therefore,
the implementation of settled biomass
recycling strategies resulted in the
enrichment of algal-bacterial flocs with a
good sedimentation capacity. In this
context, Park et al. (2011, 2013) recently
reported that algal-bacterial biomass
recycling improved biomass settleability by
up to 20% by increasing the cell residence
time of readily settleable algal species. This
operational strategy increased both the
dominance and average size of their
colonies and promoted the formation of
larger algal/bacterial aggregates (>500 mm).

3.4 Environmental sustainability.

Microalgae-based wastewater treatment in
this innovative
configuration only generated relevant N20
emissions in the aerobic reactor, with

photobioreactor

maximum N20 concentrations of 129 + 23
ppmv at Stage II (Table 1). During
nitrification, NHs is first converted to
hydroxylamine (NH:OH) to be further
transformed into NOz. N20 can be
produced from NH2OH by either chemical
decomposition or chemical oxidation with
NOx as electron acceptor under Oz limiting
conditions (0.1-0.5 mg/L) (Kampschreur et
al., 2009; Law et al., 2015). Wunderlin et al.
(2012) also observed that N2O might be
produced via NH:0H aerobic oxidation
under NOz limiting conditions in the excess
of NHs. This is consistent with the findings
of Sutka et al. (2006), who recorded a
decreased contribution of NO2 reduction to
N20 production compared to NH:0H

oxidation at increasing oxygen

concentration in Nitrosomonas europaea
cultures. In our particular study, the high
DO and NHs* (Table 1) concentrations
during Stage II likely boosted N0
production via NH:OH oxidation. The
injection of air during Stage III (1.9 + 1.1
ppmv of N20) and Stage IV (3.7 £ 2.8 ppmv
of N20) (Table 1) resulted in emission
factors of 4.4-10¢ g N-N20/g N-input and
5.9-10¢ g N-N20/g N-input, respectively.
These N:20 emission factors were =1000
times lower than the N2O emission factor
typically recorded in WWTPs (5-6:10 g N-
N20/g N-input) (IPCC, 2006, Gustavsson
and Jansen, 2011). In addition, the CO:
footprint associated with the N20 emissions
monitored during Stage IIl and IV was 0.3 g
COz/m?> WW treated, which compared
favorably against the indirect carbon
footprint from electricity use for aeration
and mixing in activated sludge processes
(119-378 g CO2/m?) and even for mixing in
HRAPs (3-14 g CO2/m> WW treated). These
preliminary estimations suggest that N20
emissions in this innovative algal-bacterial
photobioreactor should not compromise the
environmental sustainability of wastewater
treatment in terms of global warming
impact.

4. Conclusions

This innovative anoxic-aerobic algal-
bacterial photobioreactor operated with
biomass recycling supported efficient TOC,
IC and TN removals. The intensity and
regime of light supply along with the DOC
governed the extent of the assimilatory and
dissimilatory nitrogen
mechanisms. Biomass recycling resulted in
rapidly settling algal flocs and low effluent
TSS concentrations. Microalgal taxonomic
analyses revealed that Chiorella vulgaris and
Pseudanabaena sp. were the dominant

removal

microalgae species, while Proteobacteria
was the main phylum according to bacterial
phylogenetic  analyses.  Finally, N0
emissions were far below the IPCC
emission factor reported for WWTPs, which
confirmed the environmental sustainability
of this technology.
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The simultaneous capture of CO, from biogas and removal of carbon and nutrients from diluted
centrates in a 180-L high rate algal pond (HRAP) interconnected to a 2.5 L absorption column were
evaluated using a C, N and P mass balance approach. The experimental set-up was operated indoors
at 75 uE/m?-s for 24 h/d at 20 days of hydraulic retention time for 2 months of steady state, and
supported a C-CO, removal in the absorption column of 55 + 6%. C fixation into biomass only
accounted for 9 + 2% of the total C input, which explains the low biomass productivity recorded in
the HRAP. In this context, the low impinging light intensity along with the high turbulence in the
culture broth entailed a C stripping as CO, of 49 + 5% of the total carbon input. Nitrification was the
main NH; removal mechanism and accounted for 47 + 2% of the inlet N-NH;, while N removal as
biomass represented 14 + 2% of the total nitrogen input. A luxury P uptake was recorded, which
resulted in a P-PO;2 biomass content over structural requirements (2.5 + 0.1%). P assimilation
corresponded with a 77 + 2% of the inlet dissolved P-PO; 3 removed.

Key words | algal-bacterial consortium, biogas upgrading, bioremediation, luxury P uptake, mass

balances, nitrification

INTRODUCTION

Microalgae are photoautotrophic micro-organisms highly
efficient to fix CO, using solar energy, 1.8 kg of CO, being
required per kg of microalgae produced (Chisti 2007;
Lardon ef al. 2009; Alcantara ef al. 2013). Despite the inhibi-
tory CO, concentration thresholds in microalgae are often
low and strain specific, tolerances to CO, concentrations
of up to 50% have been reported in Scenedesmus Obliquus
strains (Lam et al. 2012; Arbib et al. 2014). Photoautotrophic
microalgae growth can support both the mitigation of green-
house emissions by capturing CO, from industrial gas
emission and the removal of nutrients from wastewaters
with low C/nutrients ratios such as anaerobic effluents
(Arbib ef al. 2012). In this context, microalgae-based waste-
water treatment in high rate algal ponds (HRAPs)
represents an opportunity to simultaneously remove the
CO,, present in biogas and the residual carbon and nutrients
from digestates at low energy costs and environmental
impacts (Park & Craggs 2010). Hence, the supply of biogas
to HRAPs can provide the additional C source required to
boost nutrient removal by assimilation and result in a

doi: 10.2166/wst.2015.198

significant production of biomass that could be further
used as a substrate for the subsequent generation of biogas
(De Godos et al. 2010; Alcantara et al. 2013). Likewise, micro-
algae-based CO, removal during biogas upgrading will result
in lower transportation costs and a higher biogas energy
content, as CO, accounts for 25 — 50% of the biogas on a
volume basis (Sialve et al. 2009; Herndndez et al. 2013).
However, despite the above-mentioned advantages of photo-
synthetic biogas upgrading coupled with nutrient removal
from diluted centrates, little information is available about
the C, N and P removal mechanisms (biotic, abiotic and/
or dissimilatory) of this process.

This work was devised to evaluate the mechanisms gov-
erning the simultaneous upgrading of biogas and diluted
centrate treatment in a HRAP interconnected to an external
CO, absorption column using a carbon, nitrogen and phos-
phorous mass balance approach. For this purpose, the C, N
and P speciation in the influent and effluent streams in this
two-stage experimental set-up, along with the removal effi-
ciencies of organic and inorganic carbon, nitrogen and
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phosphorus, were assessed in order to elucidate the removal
mechanisms in this combined wastewater treatment-CO,
capture process.

MATERIALS AND METHODS
Experimental set-up

The indoors experimental set-up consisted of a 1.3 m? 180-L
HRAP (202 cm length x 63 cm width x 15 cm depth) inter-
connected to a 2.5 L external CO, bubble column (&=
4 cm; height =195 cm) (Figure 1). The HRAP was continu-
ously agitated using a 6-blade paddle wheel, which
supported a liquid recirculation velocity of 0.2 m/s at the
center of the pond channel. The HRAP was illuminated
using a bench of 15 Gro-Lux fluorescent lamps (Sylvania,
Germany) providing a cool white fluorescent light of 75 +
5 uE/m?s of PAR at the culture surface for 24 h/d. The
initial operational conditions of this experimentation corre-
sponded to the last steady state of the study conducted by
Bahr et al. (2014), which was maintained for 2 month
under steady state to obtain enough experimental data to
evaluate the C, N and P mass balances. At the starting
point of the experiment, the microalgae/cyanobacteria
population (from now on referred to as microalgae) was
composed of (percentage of cells) Phormidium sp. (71%),
Oocystis (20%) and Microspora sp. (9%). The composition
of the bacterial population was not characterized by molecu-
lar tools but microscopic observations confirmed the
presence of bacteria in the algal-bacterial consortium

initially present in the HRAP. Centrate wastewater was
obtained by centrifugation of the anaerobically digested
mixed sludge of Valladolid WWTP (Spain), which was 8-
fold diluted with tap water due to the potential inhibition
of microalgae growth by their high NH; concentrations
(Gonzalez et al. 2008). Typically, the vertical light attenu-
ation is associated with different waterborne materials (Xu
et al. 2005). In this context, total suspended solids (TSS) con-
centration represents the most important factor controlling
the light attenuation coefficient (Kd) (Gallegos 200r;
Devlin et al. 2008). In our particular case, Kd associated
with TSS in diluted centrates (0.17 m™') was significantly
lower than those values associated to light-limiting con-
ditions (above 5m™!) (Devlin et al. 2008). Therefore, a
potential light limitation in the culture broth associated to
turbidity in the 8-fold diluted centrate cultivation medium
was ruled out. The HRAP was continuously fed (Watson
Marlow 102 UR pump) with the diluted centrates in order
to maintain a hydraulic retention time (HRT) of 20 days.
The average TOC, IC, TN and P—PO‘I3 concentrations in
the diluted centrates during the entire experiment were
11+2g/m? 95+3¢g/m> 92+3g/m> and 8.9+ 0.4 g/m>,
respectively. Simulated biogas (Abello Linde, Spain) con-
taining CO, (30%) and N, (70%) instead of CH,4 due to its
potential explosion hazards was supplied to the bubble
column at 22 mL/min through a ceramic sparger located
at the bottom of the column (HRT.yumn=1.9h) co-cur-
rently with a recycling microalgal broth stream drawn at
20 mL/min (1 m/h) from the HRAP (Figure 1). The HRAP
cultivation broth was daily supplemented with 50 cm® of
NaOH (20 g/dm®) to maintain the pH at 8.1 + 0.1 in order
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Figure 1 | Schematic of the experimental set-up devoted to the simultaneous biogas upgrading and diluted centrate treatment.
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to promote bacterial nitrification and minimize N-losses by
NH3 stripping. The sedimentation of the HRAP cultivation
broth was carried out in a 8 L settler located at the outlet
of the HRAP (Figure 1) from which biomass harvesting
was carried out once a week. The areal biomass productivity
was determined according to Posadas ef al. (2014).

Gas samples of 100 uL. were periodically drawn at the
inlet and outlet of the absorption bubble column to monitor
the CO,, N, and O, concentrations by GC-TCD. Liquid
samples were also drawn twice a week from the diluted cen-
(influent) and HRAP effluent to monitor the
concentration of dissolved TOC, dissolved IC, dissolved N
species (TN, N-NH;, N-NO;, N-NO3 and Noyganic), dis-
solved P (P-POf) and biomass concentration as TSS. The
temperature, dissolved oxygen (DO) concentration and pH
in the HRAP were also recorded. Prior to analysis (except
for TSS determination), liquid samples were centrifuged
for 10 min at 10,000 rpm and 23 °C (Sorvall, LEGEND
RT + centrifuge, Thermo Scientific, USA), and filtered
through 0.20 um nylon filters. The C, N and P content of
the algal-bacterial biomass formed was also experimentally
determined.

trate

Mass balance calculation

A mass balance calculation was conducted for C, N and P
based on the average concentrations of all their chemical
species at the inlet (‘IN’=diluted centrate feed + inlet
biogas) and outlet (‘OUT’ = treated effluent + settled algal-
bacterial biomass waste + upgraded biogas) of the exper-
imental system under steady state (Figure 1). The validity
of the experimentation carried out was assessed by means
of recovery factors defined as follows:

[C-CO; + TOC + IC + Chiomasslour
0 —
Cmass recovery (%) = [C-CO, + TOC + IC + Coiomaselin

% 100 (1)

Nmassrecovery (%)
_ [N-NH; + N-NO; +N-NOj + Nbiomass + Norganiclour
N [N-NH; + N-NO; + N-NO3 + Npigmass + Norganicliy
x 100 @)

[P-PO,> + Phiomasslour
[P—PO;3 + Pbiomass]IN

P mass recovoery (%) = x 100 3)

where C-CO, is the carbon input in the simulated biogas,
TOC is the total dissolved organic carbon in the aqueous

phase, IC is the dissolved inorganic carbon in the aqueous
phase, Cpiomass iS the particulate carbon in the form of
microalgal-bacterial biomass, N-NH;, N-NO, and N-NOjz
represent the dissolved ammonium, nitrite and nitrate,
respectively, while Npiomass and Norganic account for the par-
ticulate organic nitrogen in the form of biomass and the
dissolved organic nitrogen accumulated in the HRAP cul-
ture broth, respectively. P-PO,> stands for the phosphorus
in the aqueous phase and Pp;omass fOr the particulate phos-
phorus in the form of biomass. All parameters were
estimated as the total mass of the target compound over
the 2 months of experimentation.

Analytical procedures

The impinging irradiation at the surface of the HRAP was
measured as PAR using a LI-250A light meter (LI-COR Bio-
sciences, Germany). The pressure at the bottom and top of
the bubble column was measured using a PN 5,007 pressure
sensor (IFM, Germany). The gas concentrations of CO,, O,
and N, were determined using a CP-3800 gas chromato-
graph (Varian, USA) coupled with a thermal conductivity
detector and equipped with a CP-Molsieve 5A (15 m X
053mmx15um) and a CP-Pora BOND Q (25mx
0.53 mm x 15 um) columns. The injector, detector and
oven temperatures were maintained at 150 °C, 175 °C and
40 °C, respectively. Helium was used as the carrier gas at
13.7 cm®/min. TOC, IC and TN concentrations were deter-
mined using a TOC-V CSH analyzer equipped with a
TNM-1 module (Shimadzu, Japan). N-NH; concentration
was measured using the Nessler analytical method in a
U-2000 spectrophotometer (Hitachi, Japan) at 425nm.
N-NO,, N-NO, and P-PO,> were analyzed by HPLC-IC
according to Alcantara et al. (2013). The soluble P concen-
tration was also determined according to Eaton et al.
(2005) using a U-2000 spectrophotometer (Hitachi, Japan).
A Crison micropH 2002 (Crison instruments, Spain) was
used for pH determination. DO concentration and tempera-
ture were recorded using an OXI 330i oximeter (WTW,
Germany). The determination of the TSS concentration of
microalgal-bacterial biomass was performed according to
Eaton ef al. (2005). The analysis of Cpiomass and Npiomass
was conducted using a LECO CHNS-932, while P biomass
was measured using a 725-ICP Optical Emission Spectro-
photometer  (Agilent, USA) at 213.62nm. The
identification, quantification and biometry measurements
of microalgae were carried out by microscopic examination
(OLYMPUS 1X70, USA) of microalgal samples (fixed with
lugol acid at 5% and stored at 4°C prior to analysis)
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according to Sournia (1978). The relative error associated to
the counting procedure was +10% in number of cells (Lund
et al. 1958). The concentration of the Norganic released into
the liquid phase was determined as the difference between
the TN concentration and the sum of N-NH;, N-NO, and
N-NO53.

RESULTS AND DISCUSSION

Algal-bacterial symbiosis can support a cost-effective waste-
water treatment in this combined process as a result of the
in-situ photosynthetic oxygenation of the culture broth
(capable of oxidizing both organic matter and N-NH;)
and the high nutrient assimilation potential mediated by
the high microalgae productivities (Mufioz & Guieysse
2006). In this combined system, microalgae population use
both centrate IC and the CO, contained in the biogas as a
C source to assimilate N and P in the form of new biomass
(biotic nutrient removal) (Posadas et al. 2015). Moreover,
N-NH; can be transformed into N-NOj3 by nitrifying bac-
teria under aerobic conditions, which entails a reduction
in the total Kjeldahl nitrogen concentration in the effluent
(De Godos et al. 2010). NH; nitrification contributes also
to IC biotic removal as nitrifying bacteria are autotrophic
micro-organisms. In addition, the high pH induced by
microalgal photosynthesis can also enhance both N and P
abiotic removal by N-NHj stripping as NHs gas or
P—PO;3 precipitation in the form of Cas(OH)(PO,)s (De
Godos et al. 2009; Posadas et al. 2015).

The C, N and P mass balances in the system under
steady-state conditions showed recovery factors of 99.8%,
101.7% and 99.0%, respectively, which validated both the
experimental protocol followed and the analytical and
instrumental methods used in this study. The results
obtained were given as the average + the error at 95% confi-
dence interval (n=21). The specific growth rate of the
microalgal-bacterial community accounted for 0.05 d !,
which resulted in an average biomass concentration in the
cultivation broth of 1.4+ 0.0g TSS/L during the 66 days
of steady-state operation. The TSS removal efficiency in
the settler of 98 + 35% entailed effluent suspended solid
concentrations of 22 + 9 mg TSS/L, which were below the
maximum permissible TSS discharge limit in EU legislation
(35 mg TSS/L) (European Directive 91/271/CEE). The aver-
age biomass productivity in the HRAP was 22+
0.0 g/m%d, which agrees with the 2.1+0.6g TSS/m>d
obtained by Posadas ef al. (2014) in a 180-L. HRAP treating
domestic wastewater under similar indoor cultivation

conditions. This biomass productivity was however signifi-
cantly lower than the 10-30g TSS/m?d range typically
observed in outdoors full-scale HRAPs treating domestic
wastewater and could be attributed to the low impinging
irradiation used in this indoor study (Oswald 1988; Tredici
2004; Park & Craggs 2010). The moderate culture broth
temperature (25 =+ 1°C), together with the high turbulence
in the pilot HRAP, mediated evaporation losses of 4.5 +
0.4 L/m?d. This high turbulence associated to pilot-scale
HRAPs is often promoted by the use of a high power
engine and the absence of guide vanes devoted to soften
the change in direction of the cultivation broth (Mendoza
et al. 2013; Posadas et al. 2014).

C speciation

The structural carbon content (on a dry weight basis) of the
harvested algal-bacterial biomass remained constant and
accounted for 41 = 0%, which was slightly lower than the
43-56% carbon content typically reported for microalgal
biomass (Sydney ef al. 2010; Arbib et al. 2014). This carbon
was fixed by the algal-bacterial biomass under fully photoau-
totrophic conditions (as TOC concentration in the influent
wastewater only represented 1+ 0% (11 =2 g TOC/m>) of
the total carbon input) and corresponded with 9 + 2% of
the total C input (Figure 2). This assimilation corresponded
to a biotic C removal of 0.9 + 0.4 g Cpiomass/m>-d, which
entailed a CO, sequestration of 1.6 g CO,/g of biomass
formed. This poor C fixation was likely due to the low
impinging irradiation (75+5 uE/m?s) at the cultivation
broth surface, which limited microalgae growth throughout
the entire process.

Approximately 89 + 1% of the total IC input (gas
C-CO, + dissolved IC) was provided by bubbling through
the absorption column a simulated biogas containing a

o
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60% - e

C (%)

40% -+

>

0%

IN I oUT
C-CO, stripping S Cy;pe 0 C-CO, BTOC EIC

Figure 2 | Carbon distribution in the influent (IN) and effluent (OUT) streams in the
experimental set-up.



5  C. Alcantara et al.

Simultaneous biogas upgrading and centrate treatment in a HRAP

Water Science & Technology | in press | 2015

CO, concentration of 171 + 1 g C-CO,/m>. The remaining
10 + 1% was supplied as dissolved IC in the diluted cen-
trates (95 =3 g IC/m> of wastewater) (Figure 2). The low
liquid recirculation rate from the HRAP through the absorp-
tion column resulted in a low C-CO, absorption from the
biogas into the liquid phase, which supported a C-CO,
biogas removal of 55 =+ 6%. However, additional exper-
iments increasing this recirculation rate from 1 to 10 m/h,
which entailed an increase in the liquid/gas (L/G) recircula-
tion ratio from 0.9 to 9.4, boosted CO, removal from 55 + 6
to 100 £0%. C-CO, stripping was the main mechanism of
carbon removal in the system, representing 49 + 5% of the
C output (Figure 2) and corresponding to an abiotic C elim-
ination of 4.7 = 0.8 g/m?d. In this context, the estimated
average dissolved C-CO, concentration at pH=_8.1+0.1
in the cultivation broth during the 66 operational days was
2.4 + 0.3 g/m>, which was significantly higher than the aqu-
eous CO, equilibrium with the
atmospheric CO, (0.4 g/m°®) and supported the occurrence
of an abiotic C removal. In this regard, De Godos et al
(2009) reported a 59% loss of inorganic carbon by stripping
in a 464-L HRAP treating 10-fold diluted swine manure.
Similarly, up to 50% of the influent carbon was removed
by stripping in a 180-L. HRAP treating fish farm wastewater
(Posadas ef al. 2014). In our particular study, the high turbu-
lence associated to pilot-scale HRAPs and the low light
intensity at the culture broth surface (which hindered CO,
assimilation into biomass) can explain the high abiotic
carbon removal recorded. The C-CO, that was not lost by
stripping or assimilated into biomass left the system in the
outlet biogas stream (40 + 5%) (Figure 2). In a hypothetical
scenario with biogas composed by CH, instead N, (initial
composition of 30% (v/v) of CO, and 70% (v/v) of CHy)
the 55 + 6% of C-CO, removal in the column would result
in an enrichment in the biogas CH4 content up to 87%
(v/v). This increase in bio-methane content would corre-
spond with a gain of 19% in the biogas energy content
(from 25,067 to 31,040 KJ/Nm?>, assuming a heating value
for CH,4 of 50 kJ/g (Alcantara et al. 2013)). In this context,
biomethane regulations of some European countries require
a CH,4 content over 95% and O, below 0.5% due to its
associated explosion hazards (Mandeno ef al. 2005;
Huguen & Le Saux 2010). However, preliminary assays in
our lab at a liquid to biogas ratio of ~1 have shown CH,
removals <1% by absorption but contamination of the
upgraded biogas with O, and N, of up to 3%, which suggests
that despite photosynthetic CO, removal during biogas
upgrading can significantly reduce the transportation costs
and burning efficiency per cubic meter of biogas, O, and

concentration in

N, content in the biogas upgraded currently entails a techni-
cal limitation to the full-scale implementation of this
biotechnology.

N and P speciation

The biomass harvested in the settler presented a structural
nitrogen content of 6.6 + 0.1%, which remained constant
during the entire experiment as previously observed with
the structural carbon and entailed a biotic N removal of
0.15+ 0.1 g N/m?d. This N content was in accordance to
the typical content reported for microalgae, which ranges
from 6.6 to 9.3% (Oswald 1988; Grobelaar 2004). Nitrifica-
tion was the main NHj removal mechanism and was
supported by the high DO concentration (7.0 + 0.1 g/m>)
and constant IC supply to the cultivation over the 2
months experimentation. In this context, the inlet N-NH;
(which represented 100 + 0% of the N input, Figure 3(a))
was totally transformed (99 = 19%) into N-NO3, Npiomass
and Norganic at average shares of 47 +2%, 14 =2% and
38 + 2%, respectively, (Figure 3(a)). In our particular study,
the limited microalgal photosynthetic nitrogen fixation
likely boosted the high nitrifying activity herein observed,
which itself prevented ammonia stripping. The 38 + 2% of
Norganic present in the N output (Figure 3(a)) was the
result of a Ngrganic accumulation in the culture broth

@ <)

100% -
80%

60% - 100

N (%)

40% -

20% -

« -

0% T {
IN ouT

ON-NH,* ®N-NO,” @N-NO; Nbiomass = Norganic

(b)
3
100% -+

80% -

60% - 100

P (%)

40% -

20% A

\_/

IN ouT
B Pyonass O P-PO;3

0%

Figure 3 | Nitrogen and phosphorus distribution in the influent (IN) and effluent (OUT)
streams in the experimental set-up.
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during the 66 days of steady-state operation from 13 to 40 g/m>
likely associated to microalgal-bacterial metabolite
excretion during their photoautotrophic growth and cell
lysis.

The phosphorus content in the harvested biomass
accounted for 2.5=+0.1%, which agrees with P range
(0.2-3.9) reported by Powell ef al. (2009). The large variabil-
ity in P content often reported in microalgae is due to the
potential occurrence of a luxury phosphorus uptake in
some microalgae species, where phosphorus is accumulated
over structural requirements in order to store energy in the
form of polyphosphate (Powell ef al. 2008, 2009). Thus, the
high Ppiomass herein recorded (2.5 + 0.1%) was likely the
result of the combination of a luxury uptake and a growth-
associated P uptake (Powell et al. 2008, 2009) since a typical
P content of 1% is observed when the uptake of P-PO,>
occurs preferentially for microalgal biomass formation
(Alcantara et al. 2013). A possible explanation for this is
that the high growth rate induced by the exposure to a
high light intensity results in this form of polyphosphate
being utilized by the cells for synthesis of cellular constitu-
ents at a rate that exceeds replenishment (Powell et al.
2008). In this regard, Hessen et al. (2002) reported a 3-fold
increase in the biomass polyphosphate content when
decreasing the light intensity from 70 to 10 uE/m?s, while
a 8-fold increase was observed by Powell ef al. (2008)
when irradiation was decreased from 150 to 60 pE/m?s.
Therefore, the low light intensity in our particular case
likely restricted microalgal P assimilation to form new bio-
mass and therefore promote P-PO;> accumulation over
structural requirements. Despite the limited microalgae
growth recorded, the removal of dissolved P-PO,> by assim-
ilation accounted for 77 + 2% (0.06 = 0.0 g P/m?.d), while
the P-PO,> that was not incorporated into biomass left the
system in the effluent (23 + 2%) (Figure 3(b)). In addition,
algal populations gross changes seem to suggest that Micro-
spora sp. could have replaced Phormidium sp. along the
process but enough experimental evidence is lacking to
fully support this observed change.

Energy and environmental considerations

Despite the low biomass productivity obtained in our par-
ticular study as a result of the technical difficulties to
supply high irradiances in indoors pilot-scale systems, the
upgrading of biogas mediated by CO, capture combined
with wastewater treatment harbors a valuable potential
from an environmental and energy viewpoint. Thus, a con-
servative biomass productivity of 20 g/m%d in full-scale

HRAPs would result in a potential bio-methane production
of 4.2 g CH,/m?d (assuming a 50.6% of structural C and a
CH, yield of 0.21 g CH,4/g microalgae (Alcantara et al.
2013)). The combustion of this bio-methane would entail an
energy production of 88 KJ/mfjgap-d (%1 W/m?) (assuming
a CH, to electricity conversion efficiency of 41.7% (Lucas
2000)). In this context, Chisti (2013) reported a value of 34
KJ/m#rap -d (0.4 W/m?) as the minimum power require-
ment for mixing a 360-m> outdoors HRAP (300 m of total
loop length x4 m wide x 0.3 m deep) at a paddle wheel effi-
ciency of 0.17 using a Manning coefficient of 0.012
(polymer-membrane lined smooth raceway channel) with
0.3 m/s of liquid velocity. The energy for mixing the cultiva-
tion broth represents the main power consumption during
the operation of this combined HRAP-absorption column
system, where the energy for external liquid recirculation
between both units and for biogas sparging in the absorption
column are negligible compared to the energy consumption
associated to the mixing the culture broth. This energy rep-
resents 40% of the energy obtained from CH, combustion,
which suggests that the photosynthetic CO, removal from
biogas (which also reduces the transportation costs of
biogas) and further combustion of the bio-methane obtained
through anaerobic digestion of the biomass generated in the
upgrading process would significantly improve the global
energy balance of outdoors HRAPs during this combined
wastewater treatment-CO, capture process.

Moreover, based on the nitrogen mass balance, this
system released to aquatic ecosystems (purge+ clarified)
0.8g N/g Nipput, which compared with the typical gas
N-N,O emission factor in HRAPs of 0.00005 g N-N,O/g
Ninput (Alcédntara et al. 2015), clearly represented the main
contribution regarding total nitrogen emissions from this
system. Considering a N,O emission factor of 0.00005 g
N-N,0O/g Nippyt and a global warming potential of 298 g
CO,/g N,0, this combined system would produce 7.2:10> g
N,O/m® of wastewater treated (WW treated), equivalent to
2.2 g CO,/m® WW treated. On the other hand, the amount
of CO, fixed by photosynthetic microalgae growth accounts
for 521g CO,/m> WW treated, which confirmed the
environmental sustainability of this process in terms of
greenhouse gas emission mitigation. Despite a direct com-
parison with N,O emissions from activated sludge
processes is difficult given the large variation of the rates
reported (Ahn et al. 2010), wastewater treatment plants
with primary and activated sludge treatment present average
N,O emissions of 33-107> g N,O/m> WW treated (Czepiel
et al. 1995). In addition, the carbon footprint associated to
N,O emissions in this technology (2.2 g CO,/m?) compared



7 C. Alcéntara et al.

Simultaneous biogas upgrading and centrate treatment in a HRAP

favorably against the indirect carbon footprint from electri-
city use for aeration and mixing of activated sludge tanks
(119-378 g CO,/m>) and for mixing HRAPs (3-14 g CO,/
m®> WW treated). This preliminary analysis suggests that
N,O generation by the microalgal-bacterial biomass present
in the HRAP should not challenge the environmental per-
formance of wastewater treatment in HRAPs in terms of
global warming mitigation.

CONCLUSIONS

The C, N and P mass balances used to evaluate the removal
mechanisms in this combined biogas upgrading-wastewater
treatment process showed recovery factors close to 100%,
which validated both analytical and instrumental methods
used in this study. Cpiomass only accounted for 9% of the C
input to the system, which explains the low biomass pro-
ductivity recorded in the HRAP. The low light intensity
used in this experimentation together with the high turbu-
lence associated to pilot-scale HRAPs supported C-CO,
stripping as the main mechanism of C removal in the
system (~ 49%). The C-CO, removal from biogas in the
column (~ 55%) entailed an increase of 19% in the biogas
energy content, which highlighted the potential of this com-
bined wastewater treatment-biogas upgrading process.
Nitrification was the main NH; removal mechanism with
a 47 = 2% of the N-NH; input transformed into N-NOj,
while only 14 + 2% of the nitrogen input was converted to
Nbiomass- A luxury uptake of P was hypothesized based on
the high P biomass content (2.5 + 0.1%) and the fact that
light limitation often promotes polyphosphate accumu-
lation. P-PO,’ assimilation into biomass accounted for
77 = 2% of the phosphate removed in the process. Finally,
a successful suspended solid removal was achieved in the
settler (~ 98%), which entailed effluent suspended solid con-
centrations below the maximum permissible EU discharge
limit.
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ABSTRACT

The production of biofuels based on microalgae as feedstock is associated with a high demand of nutri-
ents, mostly nitrogen and phosphorus. The integration of microalgae growth with anaerobic digestion can
significantly improve the economic and energy balance of such a promising platform technology. How-
ever, the lack of information about the fundamental mass and energy balances of this integrated process
restricts its full scale implementation. This study quantified both the mass (carbon, nitrogen and phos-
phorus) and energy balances in the integrated process of Chlorella sorokiniana cultivation (under photo-
autotrophic and mixotrophic conditions) coupled with anaerobic digestion in batch mode in order to
properly design the microalgae growth-anaerobic digestion process and minimize the overall microalgae
cultivation costs. Under fully photoautotrophic growth, the productivity during the microalgae exponen-
tial growth phase was 147 g/m?> d, with an overall photosynthetic efficiency of 7.4%. The productivity of
the mixotrophically-grown microalgae was 165 g/m> d. However, the photosynthetic activity of C. soro-
kiniana decreased at increasing glucose concentrations in the tested range (180-440 g/m?). During the
anaerobic digestion of photoautotrophically-grown microalgae 55 + 1% of the initial carbon present in
the biomass was hydrolyzed (15 + 1% to C-CO, and 33 + 1% to C-CH,4). The potential recovery of the N
and P present in the biomass accounted for 59 + 2% as N-NH;; and 89 * 2% as P—POf, respectively. During
the anaerobic digestion of mixotrophically-grown microalgae, 46 + 1% of the initial carbon as biomass
was hydrolyzed (14 + 1% to C-CO; and 36 * 1% to C-CH,4) with a nutrient recovery of 70 + 3% as N-NH;,
and 77 £ 2% as P-PO,”. The energy recovery from the chemical energy fixed as biomass under photoau-
totrophic and mixotrophic conditions was 48% and 61%, respectively, and decreased to ~3.5% when
referred to the total energy available during the growth stage.

© 2013 Elsevier B.V. All rights reserved.
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Fig. 1. Experimental set-up of microalgae cultivation under autotrophic and
mixotrophic conditions.

1. Introduction

The current scenario of exhaustion of fossil fuel resources,
increasing oil prices and global warming as a result of the accumu-
lation of greenhouse gases in the atmosphere are strongly motivat-
ing research on biofuel production from renewable biomass [1,2].
Nowadays, conventional biodiesel is mainly produced from plant
oils (palm, canola and soybean), and despite its lower CO, footprint
compared to fossil fuels the production of biodiesel from crops en-
tails severe negative environmental impacts [3]. Hence, land over-
exploitation due the uncontrolled use of pesticides and fertilizers,
and competition for cropland (which might result in a global food
crisis if expected to satisfy the current world’s fuel demand) rank
among the main drawbacks of conventional biodiesel [4].

In this context, microalgae have emerged as a promising feed-
stock for biofuel production based on their high photosynthetic
yields, year-round production and ability to grow in both marine,
fresh and wastewaters. Besides the above mentioned advantages,
microalgae have the ability to mitigate greenhouse emissions by
photosynthetically fixing the CO, released in industrial processes
and do not compete with cropland [5,6]. Despite most research
carried out in the past 5 years has mainly focused on microalgal
biodiesel, the high cost (4-20€/kg) and technical limitations of
axenic microalgae biomass cultivation nowadays have limited its
industrial application [7-11].

Anaerobic digestion appears as a promising alternative for bio-
fuel production based on the possibility of using residual algal bio-
mass as a substrate for biomethane production and its potential for
recovering an important part of the nutrients (N and P) provided in
the growth stage, which can offset a significant fraction of the pro-
cess operating costs [12]. In this regard, recent sustainability stud-
ies have shown that the indirect energy input associated to
nutrients supply constitutes a major energy cost and environmen-
tal burden during microalgae cultivation [13-15]. However, de-
spite the potential of microalgae anaerobic digestion, there are
still significant technical-economic limitations in the cultivation
and biomethanization of microalgae that restrict its full-scale
implementation [16]. Of them, the lack of empirical studies evalu-
ating the fundamental mass and energy balances of the integrated
microalgae growth-anaerobic digestion process [17,18]. This infor-
mation is crucial to quantify the potential for nutrient and energy
recovery in the overall biofuel production process [19,20].

The main objective of this work was the quantification of the C,
N, P and energy balances in the integrated process of microalgae
growth (under autotrophic and mixotrophic conditions) coupled
with anaerobic digestion. On the one hand, the photosynthetic

efficiency, nutrient and carbon requirements, and biomass produc-
tivities of Chlorella sorokiniana were determined under photoauto-
trophic and mixotrophic conditions. On the other hand, the
biomethane production yield and the potential for nutrient and en-
ergy recovery during the anaerobic digestion of the microalgae
produced were also quantified.

2. Materials and methods
2.1. Microorganisms and inoculum growth conditions

The microalgae C. sorokiniana 211/8k was obtained from the
Culture Collection of Algae and Protozoa of the SAMS Research Ser-
vices (Argyl, Scotland) and was cultivated in SK MSM (Sorokin-
Krauss mineral salt medium). This medium was composed of
(per cubic decimeter of distilled water): 1.25g KNOs, 0.625¢g
MgS0,4-7H,0, 0.1105g CaCl,-2H,0, 0.1142g H3BO;, 0.0498 g
FeS04-7H,0, 0.0882 g ZnS0O,4-7H,0, 0.0144 g MnCl,-4H,0, 0.0071 g
Mo0s, 0.0157 g CuSO4-5H,0, 0.0049 g Co(NO3),-6H,0, 0.5 g EDTA,
0.6247 g KH,PO4, 1.3251 g K;HPO,4. pH was adjusted at 6.8 with
KOH and the medium was autoclaved before use (MgSO,4-7H,0
was autoclaved separately and added to complete the culture med-
ium afterwards to avoid salt precipitation). Prior to inoculation, the
MSM was enriched with a sterile solution of glucose, peptone and
yeast extract to give 3.125, 0.0625 and 0.0625 g/dm?, respectively.
The inoculum was incubated at 30 °C under continuous magnetic
agitation at 300 rpm and continuously illuminated for 4 days.
The alga was subcultivated every 4 weeks on agar plates (enriched
MSM plus 1% w/v agar) at room temperature (23 °C) under light for
10 days and stored at 4 °C afterwards.

2.2. Microalgae growth under photoautotrophic and mixotrophic
conditions

The cultivations of microalgae under photoautotrophic and
mixotrophic conditions were carried out separately but in the
same experimental set-up (see Fig. 1). Once the first cultivation
test was finished all the glass bottles were rigorously cleaned
and sterilize to start the second cultivation test.

2.2.1. Test 1: Microalgae grown photoautotrophically

Photoautotrophically-grown microalgae were cultivated for
9.5days in ten 1.25 dm? sterile glass bottles containing 0.5 dm?
of a sterile minimum mineral salt medium (MSM) composed of
(per cubic meter of distilled water): 6805 g NaHCOs3, 2015 g Na,.
COs3, 78.6g K,HPO,4 355.7g NH4Cl, 500g K,SO4, 500g NadCl,
100 g MgS04-7H,0, 20 g CaCl,-2H,0, 6.8 g FeSO4-7H,0, 42 g EDTA
(Ethylenediaminetetraacetic  acid), 0.00025g ZnSO,4-7H,0,
0.0005 g MnS04-H,0, 0.0025 g H3BO5, 0.00025 g Co(NOs),-6H,0,
0.00025 g Na;Mo004-2H,0, 1.25 x 10°© g CuSO4-5H,0. The concen-
trations of carbonate and bicarbonate in the MSM corresponded
with an initial equilibrium concentration (at pH of 7.6) of CO, at
the flask’s head-space of 18+0.7% (82.7 +3.4g/m>) (Table 1),
which represents a typical concentration of combustion process
off-gases [21-23]. Prior to sterilization, the bottles were flushed
with Helium in order to establish an O, free atmosphere, closed
with butyl septa and sealed with plastic caps. Following steriliza-
tion, the pH of the cultivation medium was decreased to 7.6 by
injecting 1.6 ml of HCI (37%) and the systems were allowed to
equilibrate under magnetic agitation for 2 h at 25°C prior to
inoculation.

2.2.2. Test 2: Microalgae grown mixotrophically
Mixotrophically-grown microalgae were cultivated for
11.5 days in twelve 1.25 dm? glass bottles containing 0.5 dm> of
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C, N and P mass balances during microalgae growth under autotrophic (AG) and mixotrophic (MG) conditions.

Mass balances in the cultivation stage

Initial Final

Carbon mass balance

C-CO; (g/m’) IC (g/m’) TOC (g/m®) Chiomass (g/m°) C-CO; (g/m?) IC (g/m?) TOC (g/m®) Chiomass (g/m°) Recovery (%)
AG

82.7+34 1020.9+12.8 17.3+£0.1 5.3+0.0 3.6+£0.2 931.7+83 51.6+2.7 215.8+5.8 103.4+0.5
MG

89+0.5 130.8+1.2 220.1+33 4.0+0.0 0.1+£0.0 53.8+5.1 146.4+39 167.0£7.0 100.1+1.9

Nitrogen mass balance

N-NHZ (g/m3) N'NOE (g/mg) N—N0§ (g/m3) Nbiomass (g/m3) N-NH:;r (g/mg) N'NOE (g/m3) N'N0§ (g/m3) Nbiomass (g/l‘l’l3) Recovery (%)
AG

94.8 +0.7 3.0£0.2 0.0+£0.0 0.9+0.0 60.1+04 3.5+03 0.0+0.0 345+09 99.0+0.1
MG

94.5+0.5 0.0+£0.0 0.0+£0.0 0.7+0.0 63.8+0.5 0.0+0.0 0.0+£0.0 30313 98.7+1.3

Phosphorus mass balance

P-PO;* (g/m®) Phiomass (8/m?) P-PO;> (g/m®) Phiomass (8/m?) Recovery (%)
AG

13.7+03 0.1+£0.0 10.6£0.4 33+0.1 99.6 +3.7
MG

13.1£0.2 0.1+£0.0 10.7+0.4 2.6+0.1 100.6 +3.9

sterile minimum MSM supplemented with 1 ml of a 301.4 g/dm®
glucose stock solution as the organic carbon source, which resulted
in an initial C-glucose concentration of 200 g/m> to mimic the or-
ganic matter present in domestic wastewater [24]. The dissolved
total organic carbon concentration range used (80-290 g/m?) cor-
responded to the typical TOC concentrations in domestic wastewa-
ters according to Asano et al. [25]. The concentrations of carbonate
and bicarbonate in this glucose-enriched MSM were modified to
represent also the typical inorganic carbon concentrations in
domestic wastewater (inorganic carbon concentrations ranging
from 100 to 150 g/m>) [25]. Hence, the MSM for mixotrophic
growth was composed of (per cubic meter of distilled water):
1700g NaHC03, 500g Na,COs, 500g C5H1206, 786g K5;HPO,4,
355.7 g NH4Cl, 500 g K,SO,4, 500 g NaCl, 100 g MgS04-7H,0, 20 g
CaCl,-2H,0, 6.8 g FeS04-7H,0, 42 g EDTA, 0.00025 g ZnSO,4-7H,0,
0.0005 g MnSO4-H,0, 0.0025 g H3BOs5, 0.00025 g Co(NO3),-6H,0,
0.00025 g Na,Mo04-2H,0, 1.25 x 10°¢ g CuS04-5H,0. Prior to ster-
ilization, the bottles were flushed with Helium, closed with butyl
septa and sealed with plastic caps. Following sterilization, the pH
of the cultivation medium was decreased to 7.6 by injecting
0.2 ml of HCl (37%) and the systems were allowed to equilibrate
as above described for 2 h at 25 °C prior to inoculation. The initial
CO, headspace concentration in the bottles was 1.9+0.1%
(8.9+0.5 g/m>) (Table 1).

The bottles were inoculated in both tests with fresh C. sorokini-
ana at an initial concentration of 11 g/m?, incubated at 30 °C under
continuous magnetic agitation at 300 rpm and continuously illu-
minated at an average intensity of 82+ 7 (uE/m?s). Gas samples
of 100 pL were taken under sterile conditions to record the CO,
and O, headspace concentrations by GC-TCD. In addition, liquid
samples of 100 ml were also drawn at the beginning and end of
the growth phase to quantify the dissolved total organic carbon
(TOC), dissolved inorganic carbon (IC), dissolved total nitrogen
(TN, N-NH,, N-NO, and N-NO;), dissolved phosphorus (P—Pof)
and microalgae biomass concentrations. The C, N and P content
of the algal biomass formed was also experimentally determined.
At the end of the growth phase, the microalgae were harvested
from the cultivation broths by centrifugation for 10 min at
10,000 rpm (Sorvall, LEGEND RT + centrifuge, Thermo Scientific),
resuspended in tap water to avoid cell lysis and further used as
the raw material in the anaerobic digestion tests.

The influence of glucose concentration on C. sorokiniana metab-
olism under mixotrophic conditions was evaluated in an additional
set of experiments conducted in duplicate as above described at C-
glucose concentrations of 180, 200, 310 and 440 g/m? in the MSM
used for mixotrophic growth and also at 310 g/m? in SK.

2.3. Microalgae anaerobic digestion

The anaerobic digestion of microalgae was performed batch-
wise in triplicate in 120 ml serum bottles filled with 80 ml of cul-
ture broth (microalgae +anaerobic inoculum), under strictly
anaerobic conditions (Helium atmosphere) in an orbital shaker
at 35 °C (initial pH of 7.9 and 7.6 for microalgae cultivated under
autotrophic and mixotrophic conditions, respectively). The sub-
strate to inoculum ratio was 0.5 (VS:VS). The inoculum used to
digest the microalgae was an anaerobic bacterial sludge from Val-
ladolid wastewater treatment plant previously adapted to micro-
algae for 2 months. In the digestion of autotrophically-grown
microalgae, the anaerobic sludge contained 9.8 g/dm? of total sus-
pended solids (TSS) and the concentration of microalgae was
13.3 g TSS/dm>. On the other hand, the concentration of anaerobic
inoculum and microalgae in the digestion of mixotrophically
grown microalgae was 5.4 and 9.3 g TSS/dm?>, respectively. Anaer-
obic tests prepared in triplicate as above described containing
only anaerobic inoculum were used as control. The anaerobic
digestion tests (74 days for biomass cultivated autotrophically
and 89 days for biomass cultivated mixotrophically) were moni-
tored by periodic measurements of the headspace pressure and
biogas composition. Gas samples of 100 uL were periodically ta-
ken to record the concentration of CO, and CH,4 in the biogas pro-
duced. Furthermore, liquid samples were also drawn at the
beginning and end of the anaerobic digestion tests to determine
the concentration of TOC, IC, TN, N-NHj, N-NO;, N-NOj,
P-PO,> and TSS. The C, N and P content of the raw algal biomass,
the anaerobic inoculum and the final digested biomass was also
experimentally determined.

2.4. Mass and energy balances

A mass balance calculation was conducted for C, N and P consid-
ering all their chemical forms at the beginning and end of both the
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growth and anaerobic digestion stages. The validity of the experi-
mentation carried out was assessed by means of the recovery fac-
tor. In the particular case of the microalgae growth stage under
both photoautotrophic and mixotrophic conditions, the recovery
factor was defined as follows:

[C-CO; + TOC + IC + Chiomass|gnp poiNT
oy —
C recovery (%) = [C-CO + TOC + IC + Coiomass]start point

x 100 (1)

- + - N - N B
N recovery (%) — 1[\11\1_1\1]\];['%1 + ]\II\I_I\II\I(;)} +]\I]\I_1\IJ\I(§)*3 +l\I]\Itl110m35S}ENDPOlNT
[ 4T h + 3 + Nbiomass|starT poinT
% 100 2)

[P-PO,” + Piomass)gnp point

P recovery (%) = -
[P-PO,” + Phiomasslstagr point

% 100 (3)

where C-CO, is the carbon as gaseous CO, at the flask’s headspace,
TOC is the total dissolved organic carbon in the aqueous phase, IC
is the dissolved inorganic carbon at the aqueous phase in equilib-
rium with the gaseous C-CO,(CO,(g) < CO,(1) +H,0 — HCO5+
H" - CO.;2 + 2H"), Cpiomass is the particulate carbon in the form of
microalgal biomass, N-NHj is the nitrogen as ammonium, N-NO;
is the nitrogen as nitrite and N-NO; is the nitrogen as nitrate at
the aqueous phase, Npiomass 1S the particulate organic nitrogen in
the biomass, P-PO;3 is the phosphorus at the aqueous phase and

Phiomass 1S the particulate phosphorus in the form of biomass.
The N and P mass balances in the anaerobic digestion stage

were similar to those defined in Egs. (2) and (3). In the C balance
of the anaerobic digestion stage, C as methane (C-CH4) must be
included:

[C-CO,C-CHy4 4+ TOC + IC + Chiomass|gnp poiNT
[C-CO, + C-CH4 + TOC + IC + Cpiomass)starT poINT

x 100

C recovery (%) =

(4)

These mass balances were also used to estimate the potential
for bioenergy production and nutrient recovery from the anaerobic
digestion of the algal biomass, in order to recycle the nutrients
hydrolyzed back to the cultivation stage.

The photosynthetic efficiency (PE) during the exponential mic-
roalgae growth phase under photoautotrophic conditions was cal-
culated as follows [2]:
PE (%):%xlOO:IZ_’.?xlOO (5)
where TCEF is the total chemical energy fixed in the form of bio-
mass during the exponential growth phase (kJ), TEA is the total en-
ergy available from the light energy for microalgae growth during
the exponential phase (kJ), M is the microalgae mass production
(g) for a time period T (d), H is the specific chemical energy content
of the algal biomass as heat (kJ/g) and E is the energy flow available
as light energy for microalgae during the exponential growth stage
(kJ/d). The value of H considered in the PE calculation was 21 kJ/g of
microalgae [26,27].

In order to calculate E, the fraction of light energy absorbed by
the glass bottle walls (G) was taken into account:

E=E x(1-G) (6)

where G was experimentally estimated by measuring the light
intensity at both sides of the glass bottle wall (G=8.7 £0.12%)
and E’ was calculated by multiplying the measured light intensity
(LE/m? s) at the top and side of the bottles by their corresponding
areas. The overall energy recovery from the biomass growing in
the exponential growth phase under photoautotrophic and

mixotrophic conditions was calculated based on TCEF (ERycgr) and
TEA (ERrga) as follows:

ME
(ER)1cer (%) = TCEF x 100 (7)
ME
(ER)TEA (%) = m x 100 (8)

where ME is the energy provided by the combustion of the methane
obtained during the anaerobic digestion of the microalgal biomass
produced during the exponential growth phase (k]). The heating va-
lue here used for the CH4 was 50 k]/g [28]. Under photoautotrophic
conditions TEA comprised only the impinging light energy, while for
the mixotrophically grown microalgae, the energy supplied as light
and the chemical energy provided by the glucose were considered
to calculate TEA, respectively. The specific heating value of the glu-
cose considered in (ER)yga calculation was 15.6 kJ/g glucose [29].

2.5. Analytical procedures

TOC, IC and TN concentrations were determined using a Shima-
dzu TOC-V CSH analyzer equipped with a TNM-1 module (Japan).
N-NO;, N-NO, and P-PO,> were analyzed by HPLC-IC with a
Waters 515 HPLC pump (Waters, Milford, USA) coupled with an
ion conductivity detector (Waters 432, Milford, USA) using an IC-
Pak Anion Guard-Pak column (Waters, Milford, USA), an IC-Pak An-
ion HC (150 mm x 4.6 mm) column (Waters, Milford, USA) and a
Waters 717 plus autosampler (Waters, Milford, USA). A mobile
phase consisting of acetonitrile (12%), n-Butanol (2%) and a buffer
solution (2%) (16 g/dm? of NaCgH;,07, 25 g/dm? of Na,B,0;-10H,0,
18 g/dm? of H3BO5 and 0.25 dm?/dm?> of glycerol) was used as elu-
ent at 2 ml/min. The dissolved and total phosphorus concentra-
tions (total phosphorus previously digested after acidification
with 18.6% HNO; in a microwave oven Mars Xpress, CEM, USA)
were determined using a spectrophotometer U-2000 (Hitachi, Ja-
pan). All these analysis were carried out according to Eaton et al.
[30]. A Crison micropH 2002 (Crison instruments, Barcelona, Spain)
was used for pH determination.

The gaseous concentrations of CO,, CHs, O, and N, were ana-
lyzed using a gas chromatograph (Varian CP-3800, Palo Alto, CA,
USA) coupled with a thermal conductivity detector and equipped
with a CP-Molsieve 5A (15 m x 0.53 mm x 15 pm) and a CP-Pora
BOND Q (25m x 0.53 mm x 15 pm) columns. The injector and
detector temperatures were 150 °C and 175 °C, respectively. He-
lium was the carrier gas at 13.7 ml/min. The pressure of the
head-space of the anaerobic digestion assays was measured using
a PN 5007 (IFM, Germany).

The light intensity was measured using a Li-250 A light meter
(Li-COR Biosciences, Germany) and expressed in HE/m? s. The pho-
tosynthetically active radiation (PAR) was assumed to have a
wavelength close to 550 nm, where 1 W/m? of PAR was equivalent
to 4.6 pE/ms [31].

The biomass concentration was estimated from culture absor-
bance measurements at 550 nm (ODssp) using a HITACHI U2000
UV/visible spectrophotometer (Hitachi Ltd., Tokyo, Japan). In addi-
tion, the determination of the total suspended solid and volatile so-
lid concentration was performed according to Eaton et al. [30]. The
analysis of the Cyiomass, Nbiomass aNd Spiomass Was conducted using a
LECO CHNS-932.

3. Results and discussion

The results obtained were summarized in Tables 1 and 2 and gi-
ven as the average + the error at 95% confidence interval (n = 10 for
autotrophic growth (AG), n = 12 for mixotrophic growth (MG) and
n =3 for the anaerobic digestion tests).
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Table 2

C, N and P mass balances for the anaerobic digestion of microalgae cultivated under autotrophic (AG) and mixotrophic (MG) conditions.

Mass balances to the anaerobic digestion stage

Initial Final

Carbon mass balance

C-CO, (g/m?) C-CHy(g/m®) IC (g/m®) TOC (g/m’)  Coiomass (g/m®) C-CO, (g/m®) C-CH, (g/m®) IC (g/m?) TOC (g/m®)  Chiomass (8/m?) Recovery (%)
AG

0.0+00 0.0+£0.0 179400 12:00  67206+00  2274+11.9 5205+44  5059%49 1167£50 3052.1+39.7 1042:19
MG

0.0+£0.0 0.0+£0.0 221:00 08+00  44594%00  1626+11.1 4285%65 4486203 2141177 24309279 135905

Nitrogen mass balance

N-NHj (g/m®)  N-NO; (g/m®)  N-NOj (g/m®)  Nbiomass (8/m?)

N-NHj (g/m*)

N-NOy (g/m3) N-NO3 (g/m3) Nbiomass (g/mg) Recovery (%)

AG

1.3+£0.0 0.0+0.0 0.0+0.0 1075.6 0.0 637.5+20.0 0.0+0.0 0.0+0.0 603.6 +17.7 108.7 £ 1.1
MG

1.4+0.0 0.0+0.0 0.0+0.0 809.1+0.0 567.1+23.8 0.0+0.0 0.0+0,0 429.9 £20.5 123.0+£2.3

Phosphorus mass balance

P-PO;3 (g/m3) Pbiomass (g/m3)

P-PO,’ (g/m?)

Ppiomass (g/m3) Recovery (%)

AG

0.03+0.0 101.7 £0.0 90.3+2.3 11.4+23 993+1.2
MG

0.03+0.0 69.1 £0.0 534+13 15.7+1.3 1004 +1.0

3.1. Microalgae growth under photoautotrophic and mixotrophic
conditions

The C, N and P mass balances in the photoautotrophic microal-
gae cultivation showed recovery factors of 103.4 + 0.5%, 99.0 + 0.1%
and 99.6 + 3.7%, respectively, and 100.1 +1.9%, 98.7 £ 1.3% and
100.6 + 3.9% in the mixotrophic cultivation (Table 1). These results
validated both the analytical and instrumental methods used in
this study and the experimental protocols followed. The biomass
stoichiometric formula experimentally determined for the micro-
algae cultivated under autotrophic and mixotrophic conditions
were CHy.63N0.1400.43P0.006S0.00s and  CHj 63No.1600.48P0.00650.008»
respectively, which agree well with typical compositions reported
for microalgae in literature. For instance, Chisti [1], Boelee et al.
[32], Duboc et al. [33] and Oswald [34], reported microalgae stoi-
chiometric formula of CH;g3Ng.1100.48Po.01, CH1.78N0.1200.36 Po.o1s
CH1.78N0.1200.36, and CHy.7Ng.1500.4P0 0094, respectively. In our par-
ticular case, the composition of microalgae did not depend signifi-
cantly on the nature of the carbon source (C-CO, and C-glucose).

3.1.1. C mass balances

Under fully photoautotrophic growth, C. sorokiniana assimilated
1.8 £ 0.1 g of CO, per g of microalgae formed, which agrees with
the CO, consumed per g of TSS of microalgae reported by Lardon
et al. [35] (1.8 g CO, per g of microalgae), and also released
1.0 £ 0.0 g of O, per g of CO, consumed, which agrees with the the-
oretical oxygen production estimated by Bahr et al. [36] (1.1 g O,
per g of CO,). This carbon was obtained from the C-CO, present
in the flask’s headspace (95.7+0.3% of the initial C-CO,
(82.7 £3.4 g/m?)) and the dissolved inorganic carbon present ini-
tially in the MSM (8.7%+1.1 of the initial dissolved IC
(1020.9 + 12.8 g/m3)) (Table 1). The total concentration of Cpiomass
formed accounted for 210.5 + 5.8 g/m>, with an empirical C content
in the biomass of 50.6%. The TOC present in the initial autotrophic
cultivation medium (17.3 £ 0.1 g/m?) (corresponding to the recalci-
trant chelating agent EDTA) increased up to 51.6 £ 2.7 g/m> due to
metabolite excretion by microalgae during their photoautotrophic
growth. Based on the continuous light supply and presence of suf-
ficient concentrations of dissolved IC (931.7 + 8.3 g/m?), N-NH;
(60.1 £0.4 g/m?) and P-PO,* (10.6 + 0.4 g/m>) at the end of the

cultivation stage (Table 1), microalgae growth under photoautotro-
phic conditions was likely limited by either the high pH values or
the high O, concentrations present at the end of the cultivation
process (Figs. 2 and 3). On the one hand, the inorganic carbon dis-
tribution at the pH of 9.1 + 0.2 recorded at the final point of the
growth stage was mainly shifted towards carbonate, which consti-
tutes an inorganic carbon species non-available for C. sorokiniana
growth [37,38]. On the other hand, high NH3 concentrations result-
ing from the combination of high NH; concentrations and high pH
values can uncouple the electron transport in the photosystem II of
microalgae and compete with H,0 in the oxidation reactions lead-
ing to O, production, which results in a partial inhibition of the
photosynthetic process [39]. However, a hypothetical inhibition
of C. sorokiniana growth by NHs at the conditions prevailing at
the end of the photoautotrophic cultivation (60.1 +0.4 g/m> of
N-NH; and pH of 9.1, corresponding to 24.9 + 0.4 g/m>of N-NH5)
was ruled since no significant effect on the growth of C. sorokiniana
was observed by de Godos et al. [38] at 311 g/m® N-NH; and pH of
9.5+0.1 (=241 g/m® N-NH3). The accumulation of photosynthetic
0, at the flask’s headspace as a result of the enclosed nature of
the tests could have also inhibited the photosynthetic CO, fixation
due to a potential photooxidative damage on the microalgal cells
(24.5 + 1.1 g O,/m> in the aqueous phase) [40,41]. In addition, a po-
tential competition between O, and CO, for the enzyme ribulose
bisphosphate carboxylase (RubisCO) (a key catalyst of the Calvin

Microalgae (g/m?)

Time (days)

Fig. 2. Time course of microalgae concentration (—) and pH (eeee) under
autotrophic (a) and mixotrophic conditions (®).



C. Alcdntara et al. / Chemical Engineering Journal 221 (2013) 238-246 243

800

640

480

320

CO, (g/m?)
0, (gm’)

1

160

Time (days)

Fig. 3. Time course of CO, (o) and O, (®) concentration during microalgae growth
under autotrophic (—) and mixotrophic (eeee) conditions. Vertical bars represent
standard deviations from n = 10 for autotrophic growth and n = 12 for mixotrophic
growth.

cycle to transform CO, to organic compounds) likely occurred at
the high oxygen concentrations recorded [42-45].

Under mixotrophic conditions, the microalgae assimilated
58.9 +3.5% of the dissolved IC initially present in the MSM and
99.3 £+ 0.4% of the initial C-CO, at the flask’s headspace (Initial
(IC)totaL = 8.9 £ 0.5 g/m>® as C-CO, +130.8 + 1.2 g/m> as dissolved
IC), with a pH of 9.2 at the end of the growth stage. Despite C. soro-
kiniana reached higher final biomass concentrations under photo-
autotrophic growth (Fig. 2), the overall productivity recorded
during the exponential growth phase under mixotrophic condi-
tions (165 g/m®d) was comparable to that achieved under fully
photosynthetic growth (147 g/m° d). Likewise, the specific growth
rate at the exponential growth phase (x) under autotrophic condi-
tions (1.5d~') was similar to that recorded under mixotrophic
growth conditions (1.6 d~') (Fig. 2). However, a longer lag phase
was recorded under photoautotrophic cultivation conditions likely
due to its higher initial concentrations of CO, in the flask head-
space (303 g/m® CO, ~18%) compared to those recorded under
mixotrophic conditions (33 g/m? CO, ~1.9%) (Fig. 3). In this regard,
a longer acclimatization period of C. sorokiniana represented by an
extended lag phase growth was observed by Mattos et al. [46] at
10% of CO,. Thus, microalgae can possibly tolerate high concentra-
tion of CO, by adjusting their structural anatomy and redistribu-
tion of certain cellular organelles, which requires a longer
adaptation period at the beginning of the growth stage [47].
Although most of the inorganic carbon present in the system was
assimilated, only 73.7 g/m> of dissolved organic carbon was con-
sumed in the presence of 500 g/m> of glucose (203 + 3.3 g C-glu-
cose/m>) in the minimum MSM (Fig. 4). This represented only an
uptake of 27.8 + 2.3% of the initial C-glucose, with an assimilation
of 0.17 g of C-glucose per g of microalgae produced. The total
Chiomass produced was 167 +7 g/m> with an empirical C content
of 48%, very similar to that obtained under photoautotrophic
growth (50.6%). In this context, an additional set of experiments
was carried out at different initial concentrations of C-glucose
(180, 200, 310 and 440 g/m?) in order to assess the role of glucose
on the metabolism of C. sorokiniana. The results obtained showed a
similar organic and inorganic carbon assimilation, and biomass
production at 180 g C-glucose/m> and 200 g/m>. However, the pho-
tosynthetic inorganic carbon assimilation decreased at increasing
glucose concentrations above 200 g/m> of C-glucose. In fact, nega-
tive inorganic carbon (C-CO, + IC) assimilations were recorded due
to the intensive respiratory release of CO, at 310 and 440 g/m® of
C-glucose (see Fig. 4). An additional experiment at 310 g/m? of C-
glucose was carried out in SK MSM to assess the influence of the
mineral salt medium on microalgae growth (Fig. 4). The results
here obtained clearly show a higher glucose-mediated inhibition
in the minimum MSM compared to the SK MSM, which supported
a C. sorokiniana uptake of 58 g/m? of IC and 390 g/m? of TOC, com-
pared to —28 g/m> and 209 g/m?, respectively in the minimum
MSM. Despite the ability of glucose to suppress the activity of

the enzyme carbonic anhydrase (CA) in C. sorokiniana has been
reported at concentrations as low as 90 g/m?> (36 g C-Glucose/m?)
[48], the role of the salts present in the mineral salt medium on
this inhibition remains unknown and deserves further investiga-
tion based on the recent interest on microalgae heterotrophic
and mixotrophic growth processes [49-51].

3.1.2. N and P mass balances

During microalgae growth under autotrophic conditions TN
(initially in the form of N-NH;), decreased from 94.8 + 0.7 g/m>
to 60.1+0.4 g/m> (Table 1), concomitantly with an assimilation
of 33.6+0.9 g/rn3 in the form of Npjomass. In this regard, the empir-
ical N content of the biomass was 8.1%, which is in agreement with
previously reported data. Neither NO, nor NO; were produced by
microalgae in significant amounts. In addition, during photoauto-
trophic growth, 3.1%0.6 g/m> of P-PO,> were consumed (differ-
ence between the initial and final phosphate concentration)
(Table 1). The P-PO;3 removed from the MSM correlated with the
concentration of Ppiomass produced (3.2 £ 0.1 g/m?3), which implied
an empirical microalgae P content of 0.8%. In this context, despite
the nitrogen content is widely accepted to vary within a limited
range of values (6.6-9.3%, [1,32-34]) the phosphorus content of al-
gal cells can vary from 0.2% to 3.9% under different cultivation con-
ditions [52]. This wide range is due to the occurrence of a luxury
uptake of phosphorus by some microalgae species, where phos-
phorus is stored in the form of polyphosphate over structural phos-
phorus requirements [53].

During microalgae growth under mixotrophic conditions the
concentration of N-NH; decreased from 94.5%0.5g/m> to
63.8+ 0.5 g/m> (Table 1), with an assimilation of 29.6 + 1.3 g/m?
in the form of Npjomass and an empirical N content of 8.7%. Neither
NO, nor NO; were produced by microalgae. The P—PO;3 concentra-
tion consumed during mixotrophic growth (2.4 + 0.3 g/m?) corre-
lated with the concentration of Pyiomass produced (2.5 0.1 g/m?),
yielding an empirical microalgae P content of 0.7%.

3.2. Anaerobic digestion mass balances

The C, N and P mass balances in the anaerobic digestion of mic-
roalgae cultivated under photoautotrophic conditions showed
recovery factors of 104.2+1.9%, 108.7% +1.1% and 99.3 +1.2%,
respectively, while in the anaerobic digestion of microalgae culti-
vated mixotrophically these recovery factors accounted for
135.9+0.5% for C,123.0 + 2.3% for N and 100.4 + 1.0% for P (Table 2).
An explanation for the high C and N recovery factors here recorded
might be the low initial activity of the anaerobic sludge inoculum
used in this particular experiment. Hence, the amount of
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Fig. 4. Influence of C-glucose concentration on the carbon uptake (IC and TOC) and
C-biomass production in minimum MSM. The carbon uptake and biomass produc-
tion in Sorokin and Krauss MSM was also evaluated in the presence of 310 g/m> of

C-glucose.
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Fig. 5. Carbon distribution at the beginning and end of the anaerobic digestion of
microalgae cultivated (a) under autotrophic conditions and (b) under mixotrophic
conditions.

microalgae hydrolyzed, and consequently, the quantity of biogas
produced and N released to the aqueous phase might have been
overestimated since all these parameters were calculated as the dif-
ference between the algal tests and the control test. Therefore, a
low activity in the control tests mediated by the lack of external car-
bon and energy source, together with the potential activation of the
anaerobic inoculum in the presence of microalgae, might have con-
tributed to the high recovery factors here recorded. As above ex-
plained, the release of P was not directly proportional to the
hydrolysis of biomass due to the potential accumulation of non-
structural phosphorus as discussed in Section 3.1.2.

3.2.1. C mass balances

The biomass particulate carbon represented 99.7% of the initial
carbon in the system at the beginning of the anaerobic digestion of
autotrophically grown microalgae (Fig. 5a), while the dissolved
inorganic carbon accounted for the remaining 0.3%. Cpiomass CON-
centration decreased from 6721 g/m> to 3052 +40 g/m> which
represents a hydrolysis of 54.6 + 0.6% of the initial particulate car-
bon after 74 days (=final biodegradability). During anaerobic diges-
tion, 227.4+11.9 g/m> of C-CO, and 520.5 +4.4 g/m> of C-CH,4
were produced (Table 2 and Fig. 6), which entails that 87.3 + 1.8%
of the hydrolyzed Cpiomass Was converted to biogas (47.7 + 0.5% of
the initial carbon shared in 14.5 +0.7% as C-CO, and 33.2 £ 0.5%
as C-CHy) (Fig. 5a). This share corresponds to a biogas composition
of 30.4+0.7 % (v/v) of CO, and 69.6 £ 0.5 % (v/v) of CH,, which
agrees with typical biogas composition from microalgae anaerobic
digestion reported in literature [12,54,55]. The remaining hydro-
lyzed carbon was not transformed into biogas but present in the
system as dissolved inorganic carbon (7.2 + 0.1%). The amount of
dissolved organic carbon at the end of the anaerobic degradation
was however negligible (1.7 + 0.1%) (Fig. 5a).

At the beginning of the anaerobic digestion of the microalgae
cultivated under mixotrophic conditions, the microalgal particu-
late carbon represented 99.5% of the initial carbon in the system,
and decreased from 4459¢g/m® to 2431%28g/m> which
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Fig. 6. Time course of C-CO, (a) and C-CH, (®) concentration during the anaerobic
digestion of the autotrophically (—) and mixotrophically (eeee) grown microalgae.
Vertical bars represent standard deviations from triplicates.

represents a hydrolysis of 45.5 + 0.6% (Fig. 5b). During anaerobic
digestion, 162.6 £ 11.1 g/m>® of C-CO, and 428.5 £ 6.5 g/m> of C-
CH4 were released as biogas (Table 2 and Fig. 6), which represents
49.2 +0.5% of the total final carbon (13.5+0.9% as C-CO, and
35.7 £ 0.5% as C-CH4). The biogas composition from the anaerobic
digestion of the microalgae cultivated mixotrophically was
27.5+£0.9 % (v/v) of CO, and 72.5+ 0.5 % (v/v) of CHy, similar to
the shares obtained for the biogas produced from the autotrophi-
cally grown biomass. The hydrolyzed carbon not transformed into
biogas remained in the system as dissolved inorganic carbon
(7.4 £0.3%) and dissolved organic carbon (3.5 + 0.3%) (Fig. 5b).

3.2.2. N and P mass balances

The N-NHj concentration at the end of the anaerobic digestion
of microalgae cultivated under photoautotrophic conditions was
637.5+£20.0g/m> (at a final pH of 8.3), which entails that
59.2 +1.9% of the initial particulate organic nitrogen (Npiomass)
was released to the aqueous phase as N-NH; and therefore avail-
able for recycling to the microalgae cultivation stage. In this con-
text, a potential inhibition of methane production mediated by a
high pH and NHj concentration in the final digestion stages was ru-
led out based on the typical ammonium inhibitory range (1500-
3000 mg/L and pH above 7.6) reported by McCarty [56] and the lat-
est results published by Alzate et al. [57] for the anaerobic digestion
of three microalgal consortia under comparable digestion condi-
tions. The potential recovery of the particulate phosphorous
(Ppiomass) based on the POf{ released was 88.8 +2.3%. A possible
explanation for this high recovery of P—PO;3 (higher than the corre-
sponding structural P) might be the release of polyphosphates accu-
mulated in microalgal cells at the previous growth stage. Hence,
microalgae, like phosphate accumulating bacteria (PAO) in acti-
vated sludge processes [58] might accumulate phosphorus above
their structural P requirements during aerobic growth, which could
be further released under anaerobic conditions. In this context,
Powell et al. [52,53] observed that the accumulation and subse-
quent utilization of two types of polyphosphate present in microal-
gae (acid-soluble polyphosphate (ASP) and acid-insoluble
polyphosphate (AISP)) is a function of the phosphate concentration
in the culture medium. AISP is believed to be a form of phosphorus
storage that is not utilized when microalgae are not phosphate-
starved while ASP is involved in microalgae metabolism and can
act as a short term form for phosphorus storage.

During the anaerobic digestion of mixotrophically grown micro-
algae, 69.9  2.9% of the initial particulate nitrogen (Npjomass) Was
released as N-NH; to the aqueous phase (567.1+23.8 g/m> of
N-NH; at a final pH of 8.2). The potential for particulate phospho-
rous (Ppiomass) recovery was also high (77.3 £ 1.9% of the initial par-
ticulate P). In this context, the recovery of nutrients from
microalgae anaerobic digestion has been so far poorly addressed
in literature despite playing a key role in the sustainability of
microalgae-based biofuels [20,59]. As a matter of fact, the energy
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footprint associated to nutrient supply (N and P) can account for up
to 45% of the total energy required for microalgae cultivation to
produce biodiesel according to recent sustainability studies [15].
The recycling rates here obtained for N and P agree with those re-
ported by Rdsch et al. [18] in a modeling study (30-90% for N and
48-93% for P).

3.3. Energy balances

The overall PE recorded during the exponential growth phase of
C. sorokiniana (40-64 h) under photoautotrophic conditions was
7.4% (Fig. 7), which agrees well with the typical PEs reported in
outdoors photobioreactors, which range from 3.6% to 10%
[9,31,60]. In this context, a global energy balance considering both
microalgae growth and anaerobic digestion was conducted. Thus,
the amount of energy fixed during microalgae exponential growth
under autotrophic (Fig. 8a) and mixotrophic (Fig. 8b) conditions
was compared with the potential energy obtained from the CH,

produced during its further anaerobic digestion. The TCEF and
ME were directly proportional to the amount of biomass produced
during the exponential microalgae growth phase. Due to the higher
productivity of biomass during the exponential growth phase un-
der mixotrophic conditions, the TCEF and ME were slightly higher
than under photoautotrophic growth. Likewise, the TEA during
mixotrophic growth was higher than during autotrophic growth
since the energy available as glucose was also taken into account
in the energy balance. As a result, the energy recovery from the
TCEF under photoautotrophic conditions was lower than under
mixotrophic conditions, with 48% and 61% energy recoveries,
respectively. However, the global energy recovery based on the
TEA showed energy recoveries under phototrophic and mixo-
trophic conditions of 3.6% and 3.5%, respectively, which were high-
er than the 2% global energy recovery reported by Golueke and
Oswald [61] for the anaerobic digestion of microalgae consortium
(75% of Chlorella spp., 23% of Scenedesmus spp. and 1.5% of Euglena
spp.) grown under autotrophic conditions.

4. Conclusions

The recovery factors obtained in the C, N and P mass balances
(=~100%) validated the analytical and instrumental methods used
in this study and the experimental protocols followed. The compo-
sition of microalgae did not change significantly with the nature of
the carbon source (C-CO, and C-glucose). Despite the different
growth conditions, C. sorokiniana showed a similar specific growth
rate during the exponential growth phase, and therefore similar
productivities, under autotrophic and mixotrophic conditions.
However, a partial inhibition of C. sorokiniana inorganic carbon up-
take by glucose was recorded above 200 g C-glucose/m>. The re-
sults obtained during the anaerobic digestion of microalgae
showed that approx. 50% of the initial Cpjomass Was hydrolyzed
and mainly found as biogas at the end of the test (14% as C-CO,
and 35% as C-CH,4) regardless of the cultivation mode. The potential
recoveries Of Npjomass and Ppiomass Under autotrophic and mixo-
trophic conditions were ~65% as N-NH; and ~83% as P-PO,°,
respectively, which would result in a significant reduction in the
operating costs of the microalgae cultivation process. The energy
recovery as methane from the total chemical energy fixed by bio-
mass under photoautotrophic and mixotrophic conditions during
anaerobic digestion was 48% and 61%, respectively, while these
values decreased to ~3.6% when referred to the total energy avail-
able in the cultivation systems.
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80% N-input removal
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ABSTRACT

This study investigated the generation of N,O by microcosms withdrawn from 7-L high rate algal ponds
(HRAPs) inoculated with Chlorella vulgaris and treating synthetic wastewater. Although HRAPs micro-
cosms demonstrated the ability to generate algal-mediated N,O when nitrite was externally supplied
under darkness in batch assays, negligible N,O emissions rates were consistently recorded in the absence
of nitrite during 3.5-month monitoring under ‘normal’ operation. Thereafter, HRAP A and HRAP B were
overloaded with nitrate and ammonium, respectively, in an attempt to stimulate N,O emissions via
nitrite in situ accumulation. Significant N,O production (up to 5685 + 363 nmol N,0O/g TSS h) was only
recorded from HRAP B microcosms externally supplied with nitrite in darkness. Although confirmation
under full-scale outdoors conditions is needed, this study provides the first evidence that the ability of
microalgae to synthesize N,O does not affect the environmental performance of wastewater treatment
in HRAPs.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In addition, these photobioreactors allow for a simultaneous nitro-
gen (N) and phosphorus (P) elimination through biomass assimila-

The treatment of wastewater in high rate algal ponds (HRAPs)
arguably provides one of the most cost and resource efficient
means to mass produce microalgae biomass for biofuel generation.

* Corresponding author.
E-mail address: mutora@iq.uva.es (R. Mufioz).

http://dx.doi.org/10.1016/j.biortech.2014.10.134
0960-8524/© 2014 Elsevier Ltd. All rights reserved.

tion at relatively short hydraulic retention time (HRT), which
represents an important advantage in comparison with conven-
tional wastewater treatment systems (De Godos et al., 2010). How-
ever, the benefits brought about by the use of wastewater as a
source of nutrients and water might be compromised by the ability
of microalgae and associated bacteria to synthesize N,O (Weathers,
1984; Fagerstone et al., 2011; Albert et al., 2013; Guieysse et al.,
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2013), a critical greenhouse gas and ozone-depleting atmospheric
pollutant (Ravishankara et al.,, 2009). For example, Florez-Leiva
et al. (2010) detected N,O emissions of 1-500 umol of N,0/m?d
during Nannochloris cultivation in a 48 m> full-scale HRAP and
Fagerstone et al. (2011) reported a N,O emission factor of
0.0024% N-N,O/N-input during Nannochoropsis salina cultivation
in a bench-scale HRAP. While associated bacteria were suspected
to cause N,O emission in these past studies, recent findings have
confirmed direct N,O synthesis by axenic Chlorella vulgaris
(Guieysse et al., 2013).

Despite the potential significance of N,O emissions during algae
cultivation, little is known about the mechanisms of N,O synthesis
by algae and/or associated microorganisms. Identifying key ‘fac-
tors’ and putative N,O production routes is especially difficult dur-
ing algae-based wastewater treatment because the bacterial,
archaeal and algal pathways potentially involve similar precursors
and enzymes (Hatzenpichler, 2012; Guieysse et al., 2013; Fig. 1).
Hence, in view of the current lack of knowledge on the populations,
mechanisms, and culture conditions involved in N,O production
from HRAPs, a better understanding of the role of microalgae in
N,O emissions during algae-based wastewater treatment in HRAPs
is required before this cultivation platform can be scaled-up for
biofuel production.

This work constitutes a study to assess the potential signifi-
cance of N,O emissions from two identical HRAPs inoculated with
C. vulgaris and semi-continuously supplied with synthetic sewage.
For this purpose, HRAP microcosms were periodically withdrawn
and tested for N,O production under various conditions using
batch assays. Emphasis was given to the determination of the role
of microalgae in N,O emissions. The impact of the N-source and its
loading on N,O production was also assessed.

2. Methods
2.1. Microorganisms

The microalgae C. vulgaris was obtained as described by Novis
et al. (2009) and cultivated in 250 mL E-flasks containing 125 mL
of buffered BG-11 medium (pH ~ 7.2; Guieysse et al., 2013) under
a CO,-enriched air atmosphere at 2% CO,. E-flasks were incubated
for 5days at 25+1.0°C under continuous illumination
(PAR =92 pE/m? s) and shaking (160 rpm) using an orbital shaker
(INFORS-HT Minitron incubation shaker, Switzerland).

A heterotrophic microbial inoculum was obtained by aerobi-
cally incubating a sample of soil (Palmerston North, New Zealand)
in synthetic sewage water (SSW) composed of (per liter of deion-
ized water): 160 mg peptone, 110 mg meat extract, 30 mg urea,
28 mg K;HPO4, 7 mg NaCl, 4 mg CaCl,-2H,0 and 2 mg MgS04-7H,0
(OECD 303A, 1996). This SSW contained 250 + 2 mg/L of chemical

Nitrification pathway —

(b)
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oxygen demand (COD), 50+ 1 mg/L of total nitrogen (TN) and
5.7 #0.1 mg P-PO3 /L. This culture was incubated for 7 days at
25+1°C under continuous darkness and magnetic agitation at
200 rpm.

A nitrifying culture was obtained by aerobically incubating a
soil sample (Palmerston North, New Zealand) in Winogradsky
Medium composed of (per liter of deionized water): 2 g (NH4),SOy4,
1 g K;HPO,4, 0.5 g MgS0,4-7H,0, 2 g NaCl, 0.4 FeSO4-7H,0, 0.01 g
CaCOs. This culture was incubated for 7 days at 25 +1 °C under
continuous darkness and magnetic agitation at 200 rpm. The pres-
ence of nitrite and nitrate in the medium after 7 days was con-
firmed by lonic Chromatography analysis, which verified the
nitrifying activity of the inoculum. The culture was centrifuged
and the pellet was resuspended in SSW prior to inoculation in
HRAPs.

2.2. High rate algal ponds: set-up and operating conditions

The experimental set-up consisted of two identical stainless
steel HRAPs (A and B) with an individual working culture volume
of 7L (0.5 m long x 0.3 m wide x 0.06 m deep) and an illuminated
area of 0.1 m?. The reactors were illuminated using nine 36 W cool
daylight fluorescent tubes (TLD 36 W/865, Philips) providing a PAR
of 280 puE/m?s at the culture surface (measured with a 383274
data logger multimeter from EXTECH instruments, USA, equipped
with a 401020 light adapter from the same manufacturer) applied
using a 12:12 h light-dark cycle. In each reactor, the culture was
mixed with a five-bladed paddle wheel operated at 28 rpm, which
supported a liquid recirculation velocity of 0.1 m/s at the center of
the pond channel. The HRAPs were initially filled with 7 L of BG-11
medium and inoculated with fresh C. vulgaris culture at an initial
concentration of 81+ 1 mgTSS/L. The heterotrophic microbial
inoculum was resuspended in SSW and added to the HRAPs when
the microalgae concentrations reached 414 + 13 mg TSS/L. Follow-
ing this, semi-continuous operation was started by daily replacing
1 L of HRAP culture with freshly prepared SSW in order to maintain
a HRT of 7 days, which represents a conservative HRT for domestic
wastewater treatment in HRAPs (Garcia et al., 2006). Water evap-
oration losses were daily recorded and compensated with distilled
water to avoid salt accumulation. The HRAPs were thus fed with
SSW containing 50 + 1 mg TN/L during the first 60 days of opera-
tion (Period I) before being inoculated with the nitrifying culture
and further fed with the same SSW for an additional 45 days period
(Period II). Hence, HRAP A and B were identically operated during
Periods I and II. Thereafter, the influents semi-continuously fed to
HRAP A and HRAP B were further supplemented with 100 mg N-
NO3/Lssw and 100 mg N-NH}/Lssw, respectively, over the last
45 days of operation (Period III). Nitrate and ammonium addition
at high concentration during Period IIl was performed to stimulate
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Fig. 1. Potential N,O production metabolic pathways occurring in HRAPs ((?) = unclear pathway and/or putative enzyme type).
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conditions potentially favorable to N,O emissions in these systems
based on past studies linking N,O emissions in HRAPs with nitrifi-
cation (Florez-Leiva et al., 2010) or denitrification (Fagerstone
et al,, 2011). This operational period should therefore not be con-
sidered as representative to real domestic wastewater treatment.
An additional buffer of 1.52 g KH,PO4/Lssw and 3.1 g K;HPO,4/Lssw
was also supplemented to HRAP B during Period IIl to maintain
the cultivation pH around 7 and therefore promote bacterial nitri-
fication and minimize N-losses by NH; stripping. The HRAPs were
operated indoors at room temperature (22 + 1 °C).

Process monitoring involved the daily measurement (immedi-
ately before feeding) of the algal-bacterial biomass concentration
(total suspended solids, TSS), optical density (OD), dissolved oxy-
gen (DO) concentration, temperature (T) and pH in the HRAPs.
The concentrations of dissolved and total COD, N-NHJ, N-NOs3,
N-NO3 and P-POz~ in the influent and effluent of the HRAPs were
measured twice per week. The settleable solids, carbon (C), N, P
content and the specific heat value of the algal-bacterial biomass
produced were also experimentally determined every two months.
The photosynthetic efficiency (PE) (in percentage of PAR reaching
the pond surface photochemically converted into biomass) and
concentration of C. vulgaris in the reactors were determined using
a dynamic simulation of microbial growth based on De Godos et al.
(2012). These results were confirmed by OD and measure of
Chlorophyll content.

2.3. N,O assays

N,O production assays were performed in duplicate in 120 ml
serum bottles filled with 50 ml of fresh HRAP cultures broth and
air as gas headspace. The flasks were immediately sealed with
butyl septa and aluminum caps and incubated at 25+ 1°C at
160 rpm (INFORS-HT Minitron incubation shaker, Switzerland) in
darkness or under continuous illumination (92 LE/m?s of PAR)
for 4-5 h. This incubation period was selected based on analytical
constrains (sensitivity) and the previous work published by
Guieysse et al. (2013), who reported that the kinetics of N,O pro-
duction by axenic C. vulgaris in batch assays were characterized
by a rapid initial production for 4 h followed by a period of “linear”
evolution lasting more than 24 h. Gas samples of 5 ml were taken
at the end of the incubation to measure the N,O headspace
concentrations by Gas Chromatography Electron Captor Detector
(GC-ECD). The results presented account for the total amount of
N,O produced in the flasks assuming that the aqueous N,O concen-
tration was at equilibrium with the gas phase (Henry constant of
0.025 mol/atm L, National Institute of Standards and Technology,
USA). The initial and final headspace pressures were recorded
using a SPER SCIENTIFIC pressure meter. Unless otherwise speci-
fied, the terms A and B are henceforth used to designate to origin
of the HRAP (A or B) culture tested. Batch assays using HRAPs cul-
tures supplied with 12 mM of N-NO3 (intermediate concentration
as those tested by Guieysse et al., 2013) and incubated in darkness
were repeatedly conducted given the frequent occurrence of nitrite
at night during wastewater treatment HRAPs operated at high
loading rates (Garcia et al., 2006; De Godos et al., 2010) and past
studies linking phototrophic N,O synthesis to nitrite reduction
under conditions repressing Photosystem II (Weathers, 1984;
Albert et al., 2013; Guieysse et al., 2013). Additional batch assays
supplied with 100 mg penicillin/L (purity > 99%; Penicillin G-K-Salt
1 580 IU/mg C;6H17N,04SK, SERVA, Germany) and 25 mg strepto-
mycin/L (purity > 99%; Streptomycinsulfat, MERCK, USA) were reg-
ularly conducted to determine the significance of bacterial activity
on N,O generation, as reported by Fagerstone et al. (2011). These
assays were supplied with 12 mM of N-NO; and incubated under
darkness. The first set of batch assays performed (Period I) also
tested the influence of illumination on N,O emission from HRAP

cultures supplemented with 12 mM of N-NO3 or N-NHZ. Modeling
of heterotrophic activity (based on remaining COD aerobic con-
sumption and endogenous respiration) in the flasks showed there
was enough oxygen in the gas headspace to ensure fully oxic con-
ditions during the entire duration of the assays (data not shown).

2.4. Analytical procedures

The concentrations of TSS, dissolved and total COD, and settle-
able solids were determined according to Standard Methods
(Eaton et al., 2005). OD was measured by spectrophotometer
Helios-Alpha (Thermo Scientific, USA) at 683 nm. A CHEMets Kit
Ammonia K-1510 (CHEMetrics, USA) was used to measure N-NHj
concentration. N-NO3, N-NO3 and P-PO}~ concentrations were
analyzed using a Dionex ICS-2000 lon Chromatograph (Dionex Cor-
poration, Sunnyvale, USA) equipped with a Dionex IonPac AS11-HC
column (250 mm x 4 mm) eluted at 1 mL/min with a 13 mM KOH
aqueous solution. The DO concentration, T and pH were measured
in situ with a Eutech WP PCD650 multiprobe analyser (Thermo
Fisher Scientific Inc, USA). N,O gas concentration was analyzed
using a Shimadzu GC-2010 plus GC-ECD (Shimadzu, Japan)
equipped with an Alltech Porapack QS 80/100 (12’ x 1/8” x 0.85”
SS) column (Sigma-Aldrich, USA). The injector and detector tem-
peratures were maintained at 380°C and 315 °C, respectively,
while nitrogen was used as the carrier gas at 30 mL/min. The bio-
mass C and N content and specific heat were determined using an
Elemental analyzer cube Vario Macro (Elementar, Germany) cou-
pled with a LECO AC350 bomb calorimeter (LECO, Germany), while
P content was measured using an Inductively Coupled Plasma
Optical Emission Spectrophotometer (ICP-OES).

Polymerase Chain Reaction (PCR) analysis was carried out as fol-
lows: Aliquots were daily withdrawn from each HRAP and stored at
—40 °C prior to analysis. After thawing, 1 mL of sample was trans-
ferred into an Eppendorf tube and spun at 13,000 g in a bench top
microcentrifuge for 5 min to pellet the biomass. The supernatant
was removed and Deoxyribonucleic Acid (DNA) samples were
extracted using the Bioline isolate Genomic DNA kit according to
the manufacturer’s protocol (Bioline). After extraction, DNA extracts
were quantified using a ND-1000 NanoDrop sampler (Thermo Scien-
tific). PCR was carried out on the extracted genomic DNA using the
primers and amplification conditions shown in Table 1. Each PCR
reaction contained 1x Buffer with 1.5 mM MgCl, (Roche Diagnos-
tics), 250 uM each dNTP, 10 pmol of each primer, 2 pl of template
DNA and 1U Taq polymerase (Roche Diagnostics), in a final volume
of 20 pl. Following PCR, 8 ul of reaction mix was analyzed on an aga-
rose gel (2% (w/v) agarose in 1x Tris—acetate-EDTA buffer) and visu-
alized using SYBR-SAFE (Invitrogen) on a gel documentation system
(BIORAD). The norB, cnorB and qnorB primer pairs amplify frag-
ments of genes encoding for bacterial NoR (nitric oxide reductase).
The amoA 1F and 2R primer pair specifically amplifies a fragment
of gene encoding for ammonia monooxygenase in bacteria whereas
the amoA F and R amplifies a fragment gene encoding for ammonia
monooxygenase in archaea. The 16S primer pairs 340F/1000R
amplify a region of the 16S rDNA in archaea and are considered as
‘universal’ primer pairs for archaea. A negative control was included
for each primer pairs; this reaction contains all components except
the template DNA.

3. Results and discussion
3.1. HRAP performance
Although the full-scale implementation of HRAPs for wastewa-

ter remains limited, high performance was consistently reported
during pilot-scale studies: Buelna et al. (1990) thus reported a
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Table 1
Primers and conditions used during PCR analysis.

Gene Primers Sequence (5'-3') Exp. size (bp) PCR conditions

Bacteria

norB norB1F CGNGARTTYCTSGARCARCC 670 95 °C-5 min [95 °C-30s, 54 °C-45 s, 68 °C-45 s] x 35 cycles 68 °C-7 min, 10 °C hold
norB8R CRTADGCVCCRWAGAAVGC (Fagerstone et al., 2011)

cnorB cnorBF GACAAGNNNTACTGGTGGT 389
cnorBR GAANCCCCANACNCCNGC

qnorB qnorBF GGNCAYCARGGNTAYGA 262 94 °C-5 min [94 °C-20s, 55 °C-1 min, 72 °C-1 min] x 30 cycles, 72 °C-10 min, 10 °C hold
qnorBR ACCCANAGRTGNACNACCCACCA (Rotthauwe et al., 1997)

amoA amoA1F GGGGTTTCTACTGGTGGT 491
amoA2R  CCCCTCKGSAAAGCCTTCTTC

Archaea

amoA amoAF STAATGGTCTGGCTTAGACG 635 95 °C-5 min [94 °C-45 s, 53 °C-60 s, 72 °C-60 s] x 30 cycles 72 °C-15 min, 10 °C hold
amoAR GCGGCCATCCATCTGTATGT (Francis et al., 2005)

16S 340F CCCTAYGGGGYGCASCAG 660 98 °C-2 min [95 °C-30's, 57 °C-30's, 72 °C-90 s] x 30 cycles 72 °C-7 min, 10 °C hold
1000R GGCCATGCACYWCYTCTC (Gantner et al., 2011)

88% COD removal efficiency in a 369 m> Chlorella-based HRAP
operated at 10 d HRT; Arbib et al. (2013) reported a productivity
of 5 g TSS/m? d in a 530 L of HRAP operated at 10 d HRT with Scene-
desmus obliquus; De Godos et al. (2010) reported a 98 + 1% ammo-
nium removal efficiency in a 465 L HRAP; and Asmare et al. (2013)
reported a 77% P-PO3~ removal efficiency in a 470 L open pond. As
can be seen in Table 2, both HRAPs supported high and consistent
sCOD, N, and P removal efficiencies during the periods representa-
tive to ‘normal’ operation with domestic wastewater (Periods I and
IT). This substrate removal was associated with total biomass pro-
ductivities of 4.7 £ 0.1 and 5.1 + 0.2 g TSS/m? d during Periods I and
I, respectively (Table 2). The C, N and P content of the algal-bacte-
rial biomass remained around 47 + 2%, 8.1 + 0.4% and 1.0+ 0.1% in
both reactors, regardless of the N and P loads (Table 2). Mass-bal-
ance analysis showed 78-82% and 83-84% of the influent TN and P-
PO3~ were assimilated into biomass, respectively (Table 2). An
additional TN removal of 20 + 4% in both reactors during Periods
[ and II was likely caused by ammonia volatilization since pH
was often high (Table 2). The specific heat of the algal-bacterial
biomass was around 22 + 5 kJ/g in both HRAPs (Table 2), in agree-
ment with the calorific values of C. vulgaris cultures reported by
[llman et al. (2000). Based on this data and the modeling of hetero-
trophic growth, the photosynthetic efficiency of C. vulgaris was
similar in both reactors and estimated to 3.2-3.3% and 3.4-3.6%
during Periods I and II, respectively (Table 2), in agreement with
PEs reported in outdoors photobioreactors (Béchet et al., 2013).
DO concentration remained high at all times during operation,
even immediately after feeding and at night time (a consequence
of the high turbulence and shallow geometry of the laboratory-
scale reactors). Overall, the performance of the reactors agrees
with heterotrophic and phototrophic growth theories and past
data, suggesting the activity of microorganisms in the reactors
can be considered as ‘normal’. Results from N,O emission monitor-
ing can therefore be regarded as representative of domestic waste-
water treatment in HRAPs, with consideration of the limitations
associated with the use of indoor conditions and synthetic sewage.

3.2. Potential sources of N,O from HRAPs

N>O can be biologically generated by nitrifying bacteria, denitri-
fying bacteria, nitrifying-denitrifying bacteria, ammonium oxidiz-
ing archaea and microalgae (Fig. 1). The potential occurrence and
significance of these pathways in wastewater treatment HRAPs is
discussed below. With regards to N,O synthesis via nitrification,
and despite the inoculation with a nitrifying culture at the start
of Period II, PCR analysis showed archaeal amoA and16s rRNA
genes were never detected during the entire experiment while

bacterial amoA genes were clearly detected at the start of Period
[ in HRAP A and at the beginning and end of Period IIl in HRAP B.
Approximately 80% of the nitrogen supplied to the HRAPs was
assimilated into biomass during Periods I and II. This high assimi-
lation rate and the high pH conditions (favorable to ammonia
volatilization) evidencing CO, transfer limitation, suggest slow-
growing nitrifiers were outcompeted for N and/or C supply in the
HRAPs. The light reaching the HRAPs (280 pE/m? s at the top of
the culture) may have also inhibited bacterial and archaeal nitrifi-
ers as Guerrero and Jones (1996) reported a bacterial nitrification
inhibition of 80% at a light intensity of 115 pE/m?s, whereas
Merbt et al. (2012) and French et al. (2012) reported archaeal
growth inhibition at 15 pE/m? s and 30 puE/m? s, respectively, with
no recovery of nitrifying activity following light deprivation.

With regards to N,O synthesis by bacterial denitrifiers, PCR
analysis evidenced the presence of norB, cnorB and qnorB genes
in all samples withdrawn during Periods I and II. This detection
is expected during wastewater treatment (since bacterial denitrifi-
ers are facultative anaerobic heterotrophs involved in biodegrad-
able COD (bCOD) removal) and does not inform on the
quantitative significance of N,O emissions via denitrification con-
sidering that DO concentration remained high at all times. Both
Fagerstone et al. (2011) and Harter et al. (2013) hypothesized that
bacterial denitrification in low-oxygen micro-environments
caused N,O emissions during algae cultivation. However,
Guieysse et al. (2013) challenged the significance of this mecha-
nism in well-mixed photobioreactors and demonstrated axenic C.
vulgaris could indeed synthesize N,0, possibly via nitrate reductase
(NR)-mediated nitrite reduction into either nitrous oxide (NO) or
nitroxyl (HNO) (Fig. 1e). It must finally be noted that with regards
to the efficient bCOD removal reported and the low nitrate/
dissolved oxygen concentration ratio (Table 2), heterotrophic
denitrification was likely outcompeted for bCOD availability.

As seen in Fig. 2, the impacts of light and nitrite on N,O emis-
sions and the lack of repression of these emissions by bacterial
antibiotics (Fig. 3) confirmed C. vulgaris was the most likely quan-
titatively significant N,O producer found in the HRAP microbial
communities. The reported repressing impact of light on N,O emis-
sions from algae cultures (Weathers, 1984; Fagerstone et al., 2011;
Guieysse et al., 2013) is possibly explained by the light-dependent
competitive reduction of nitrite into ammonium by nitrite-
reductase (Fig. 1d).

3.3. Significance of N,O emissions from HRAPs

As shown in Fig. 4, N,O emissions consistently lower than
2 nmol N,0O/g TSS h were recorded from HRAP cultures sampled



Table 2

Summary of process parameters and their corresponding removal efficiencies during Periods I-III; the concentrations shown correspond to the values just before daily HRAPs feeding with fresh SSW.

Periods [ & II Period I Period II Period III

HRAP A& B HRAP A HRAP B HRAP A HRAP B HRAP A HRAP B

Input Output Input Output Input Output
Biomass productivity (g TSS/m? d) N.A? 4.6+0.1 4.7+0.1 52+0.2 49+0.2 N.A2 44+0.2 N.A2 41+0.2
TSS (mg/L) 466 + 14 475+ 14 534+ 18 504 +17 461 £ 15 417 £ 17
Algae (mg/L) 409 419 476 448 403 361
PE (%) 3.2 33 3.6 3.4 3.2 2.9
Heat value (Kk]/g) 22+4 22+4 215 21+4 215 22+6
oD 1.9+0.0 1.9%0.0 1.8%0.1 14+0.1 1.4+0.1 1.4+0.2
CODror (mg/L) 617+6 620+ 8 629+7 61113 549 £ 19 513 +37
CODsor (mg/L) 250+2 35+4 37+4 23+3 19+3 229+ 11 365 259+ 14 215
CODsoy removal (%) N.A? 86+3 862 911 93+1 857 847
N-NH (mg/L) 48 +1 0.1£0.0 0.1+£0.0 0.1+£0.0 0.1£0.0 48 +1 0.1£0.0 148 £1 38+4
N-NO3 (mg/L) 1.6£0.0 0.3+0.0 0.3+0.1 0.3+0.0 0.1+£0.0 1020 6019 1.6 +0.0 0.2+0.2
N-NO; (mg/L) 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 44+1.0 0.0+£0.0 0.9+0.5
TN (mg/L) 501 0.4+0.0 0.4+0.1 0.4+0.0 0.2+£0.0 1501 65+19 1501 39+3
N biomass (mg/L) N.A? 39+2 412 41 £1 40+3 N.A? 37+3 N.A? 34+2
Inlet TN removed in biomass (%) 785 80+4 82+3 78 £5 25+2 23+1
Inlet TN lost by stripping (%) 22+5 204 18+3 22+5 - -
TN removal (%) 99+3 99+3 99+3 100+3 - -
P-PO3;~ (mg/L) 5.7+0.1 1.0£0.2 1.0£0.1 0.9+0.2 0.9+0.1 5.7+03 0.8+04 902 +3 898 +5
P biomass (mg/L) N.A? 4.7+0.1 47+0.2 48+0.6 48+0.9 N.A? 4.8 £0.5 N.A? 39104
Inlet P-PO3~ removed in biomass (%) 83+3 83+4 84 +11 84+16 85+10 -
P-PO3~ removal (%) 83+3 83+3 84+3 84+3 859 -
C (%) 47 £2 46+9 47 £1 47+0 N.A? 47 £1 N.A? 46+ 1
N (%) 8.5+0.4 8.5+0.3 7.7 £0.1 7.8+0.4 8.1+£0.5 82+04
P (%) 1.0£0.0 1.0£0.0 0.9+0.1 0.9+0.2 1.1+0.1 0.9+0.1
Settleable solids (mg/L) 233+28 295+38 229+20 305+23 245 + 21 30033
pH 6.7+0.1 83+0.3 8.3+0.2 93+0.2 9.2+0.2 7.0+0.2 9.0+£0.2 7.1+£0.2 7.2+0.1
T 25+1 211 211 231 23+1 250 22+0 25+0 22+0
DO (mg O,/L) 9.2+0.2 100 100 100 9.8+0.8 9.2+0.2 100 9.2+0.2 9.0+£0.9
Evaporation (L/m?d) N.AZ 6.5+ 04 7.0£0.2 6.8+0.2

“N.A. = Not applicable as input parameter. The grey shade was used just to differentiate Period IIl from Period I and II. Period III operation coditions should not be considered as representative to real domestic wastewater treatment.
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Fig. 2. N,0 production rates by microcosms withdrawn at 8:00 am from HRAP A (a)
and HRAP B (b) during Period I, supplemented with 12 mM of N-NO; or N-NH, and
incubated under continuous illumination (light columns) or under darkness (dark
columns). Vertical bars show variations between duplicates.

under ‘normal’ N-loading of 7.1 g N/mZ..ccor d, With no significant
variation observed when samples were withdrawn at various times
during a day cycle (ANOVA test at 95% of confidence interval). A 24-h
average emission rate of 1 nmol N,O/g TSS h would thus result in an
emission factor of 0.0047% g N-N,O/g N-input in a typical HRAP.
Based on the analysis of Alcantara et al. (2014), N,O emissions from
domestic wastewater treatment in 0.3 m deep HRAPs operated at 6 d
HRT could reach 0.3 g N,O/capita-yr, which is 10-fold lower than the
emission factor of 3.2 g N,O/capita-yr (corresponding emission
factor of 0.035%) recommended by the IPCC for quantifying N,O
emissions during wastewater treatment (IPCC, 2006). The secondary
treatment of the sewage generated by 1 billion humans using HRAPs

would therefore generate minor emissions (0.19 Gg N-N,O/yr) in
comparison to global emissions from domestic wastewater
(0.22 Tg N-N,O/yr; Mosier et al.,, 1999) and total anthropogenic
N0 emissions (6.9 Tg N-N,O/yr; IPCC, 2001). While direct compari-
son with N,O emissions from activated sludge processes is difficult
given the large variation of the rates reported (Ahn et al.,, 2010),
the carbon footprint of N,O emissions from HRAPs (1.1g of
C0,/m> wastewater treated) compares favorably against the carbon
footprints from electricity use for aerating and mixing activated
sludge tanks (119-378 g CO,/m>) and for mixing HRAP (3-14¢g
CO,/m? treated). If more refined impact assessment also considering
ozone depletion should be undertaken, this analysis suggests that
under typical operation, N,O generation by microalgae should not
threat the performance of wastewater treatment in HRAPs with
regards to climate change (Periods I and II in Fig. 4).

However, as seen in Figs. 2 and 3, the external supply of nitrite
significantly boosted N,O production during Periods I and II, in
agreement with the observations linking nitrite availability and
N,O synthesis in microalgae (Weathers, 1984; Albert et al., 2013;
Guieysse et al., 2013) and explained by the likely reduction of
nitrite into N,O as explained above (Fig. 1e). This effect deserves
consideration given nitrite concentrations up to 35 + 8 mg N-NO3
/L were reported by De Godos et al. (2010) as a result of partial
ammonium nitrification during the treatment of diluted swine
manure in outdoors HRAPs supplied with flue gas. This concentra-
tion of nitrite could cause N,O emissions near 100 nmol/g TSS h
based on the data reported by Guieysse et al. (2013) for axenic C.
vulgaris. Therefore, the fact that inhibition of bacterial nitrification
via CO, limitation during Periods I and Il may have prevented
nitrite accumulation in the experimental HRAPs herein studied
must be considered before broadly extrapolating the environmen-
tal impact of HRAP-mediated N,O.

To verify if nitrite accumulation or culture stress caused by
N-overloading could trigger high N,O emissions, the influents fed
to HRAP A and B were further supplied with 100 mg N-NO3/Lssw
and 100 mg N-NH3/Lssw, respectively (Period III). Although these
changes did not dramatically impact photosynthetic efficiency
and COD removal in the two reactors (Table 2), N-overload was
associated with nitrite accumulation in HRAP A and, albeit weak,
in HRAP B (Fig. 4). Interestingly, the abilities of the HRAPs’ micro-
bial communities to synthesize N,O began to diverge thereafter:
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Fig. 3. N,O production rates from microcosms withdrawn at 8:00 am from HRAP A (a) and HRAP B (b), incubated under darkness and supplied with 12 mM of N-NO3 with
(grey columns) or without (white columns) antibiotics. Vertical bars show variations between duplicates.
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Fig. 4. Effluent N-NO> concentrations (-®-) and N,O production rates (columns) from microcosms withdrawn at 8:00 am from HRAP A (a) and HRAP B (b) and incubated

under darkness. Vertical bars show variations between duplicates.

While N,O production was negligible despite the presence of
4.4 +1.0 mg N-NO3 /L in HRAP A culture broth (Fig. 4a), N,O emis-
sion increased up to 11 + 0.2 nmol N,O/g TSS h in HRAP B during
Period III (Fig. 4b). In addition, when nitrite was externally sup-
plied in batch assays, N,O emissions from HRAP A microcosms
drastically dropped (Fig. 3a), in contrast to HRAP B aliquots, in
which this putative substrate triggered N,O emissions up to
5685 + 363 nmol N,O/g TSS h (Fig. 3b). Despite the fact that norB
genes were detected in HRAP A, bacterial nitrate denitrification
(Fig. 1b) was unlikely in this system because DO concentration
remained above 7 mg O,/L (even at night) during the entire exper-
iment whereas active denitrification occurs at O, concentrations of
0.5 mg/L (Wang et al., 2008). Under the hypothesis that N,O emis-
sions in these tests originated from nitrite reduction by C. vulgaris
NR, a more plausible explanation for the drop of N,O production
seen in the positive controls assayed during Period Il could have
been the competitive substrate inhibition of nitrate (the ‘natural’
preferred substrate) and nitrite for NR (Fig. 1d and e) (Howard
and Solomonson, 1981; Pessarakli, 2005). Additional ‘competitive’
batch assays however revealed nitrate addition did not impact N,O
production by axenic C. vulgaris in the presence of nitrite (data not
shown), which could indicate another pathway is involved in N,O
synthesis (Tischner et al., 2004; Kamp et al., 2013). These results do
not however provide unequivocal evidence for this because nitrate
is also known to remove NR repression and its impact on NR activ-
ity depends on many factors (Pistorius et al., 1976; Berges, 1997),
as further discussed below. Regardless the mechanisms involved,
the influence of nitrate concentration on N,O emissions is unclear
and deserves further investigation.

Ammonium overloading was conducted at neutral pH in HRAP
B (Phase III) (Table 2) and associated with a clear detection of bac-
terial amoA genes at the beginning and end of Period III, suggesting
nitrification (Fig. 1a) could have caused the weak increase
(1.0+£ 0.1 mg N-NO3/L) in nitrite concentration in this reactor
(Fig. 4b). However, bacterial nitrification unlikely caused the
increase in N,O production because the addition of antibiotics
did not repress N,O emissions during the entire experiment
(Fig. 3b). Instead, bacterial nitrification followed by rapid algal
uptake of nitrite in HRAP B culture broth may have improved the
ability of C. vulgaris to synthesis N,O prior to the addition of nitrite
and antibiotics during batch assays. Interestingly, the positive

influence of ammonium loading on N,O emissions during Phase
Il opposes the common observation that ammonium represses
NR activity (Berges, 1997). As in the case of the HRAP A micro-
cosms during Phase III, it is important to consider the NR-mediated
pathway for N,O synthesis, albeit supported by considerable evi-
dence in both plants and algae cells (Guieysse et al., 2013), remains
an hypothesis and that alternative pathways have been proposed
for NO and N,O (Tischner et al., 2004; Kamp et al., 2013). However,
the results herein presented do not unequivocally invalidate the
NR-pathway hypothesis because in vitro NR activity depends on
numerous factors (e.g. pH, intracellular concentrations of reduc-
tants and N substrates) and because NR regulation involves the
constant turnover of precursors which expression and activities
are themselves regulated by numerous factors (e.g. environmental
changes, C and N fluctuations; Pistorius et al., 1976; Berges 1997).
So the apparent ‘booster’ effect of ammonium seen in Fig. 4b could
be linked to indirect effects causing weaker repression of the NO-
synthase activity of NR prior to nitrite exposure during Phase III.
Phosphate and neutral pH are also known to enhance NR activity
(Howard and Solomonson, 1981; Kay and Barber, 1986). While fur-
ther mechanistic investigation was beyond the scope of this study,
the dramatic changes in N,O-production abilities reported during
Period III evidence the very high sensitivity of N,O emissions to
process operation. Based on these results, it is unfortunately pre-
mature to discuss possible mitigation strategies although minimiz-
ing nitrite accumulation seems to be of upmost importance.
Further research is therefore recommended given the current lack
of knowledge in this area.

4. Conclusions

N,O emissions from HRAP cultures remained consistently low,
even under high N-supply operation. However, HRAPs microcosms
demonstrated the potential to generate N,O when nitrite was
externally supplied under darkness in batch assays. Further exper-
iments confirmed these emissions were algal-mediated, likely
through intracellularly nitrite reduction into N,O by the enzyme
nitrate reductase. Although thorough impact assessment and
monitoring under full-scale conditions are needed, these results
provide the first confirmation of the low N,O-footprint of
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wastewater treatment under “normal” conditions (Periods I and II)
in lab-scale HRAPs.
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The results obtained in the present thesis confirmed the potential of algal-bacterial

processes for water pollution control in terms of treatment efficiency, energy
consumption and environmental sustainability when compared to conventional WWT
technologies. The systematic comparison of the mixotrophic metabolism of an axenic
culture of Chlorella sorokiniana and a microalgal-bacterial consortium demonstrated the
superior performance and robustness of symbiotic consortia under stress conditions,
which confirmed their potential as a platform technology to consolidate an industrial

scale microalgae-to-bioenergy technology based on WWT (Chapter 3).

The synergistic relationship between microalgae and bacteria harbors an industrial and
environmental potential higher than that currently exploited. In this context, different
operational strategies and photobioreactor configurations were investigated in order to
overcome the main limitations that nowadays still limit the full-scale implementation
of algal-bacterial-based WWT. An evaluation of WWT performance in a novel anoxic-
aerobic algal-bacterial photobioreactor with biomass recycling was conducted to
overcome both the limited capacity of conventional HRAPs to completely remove all
nutrients in wastewaters with a low C/N ratio and the low sedimentation capability of
the microalgae established in the process (Chapter 4). Chapter 4 demonstrated that
algal-bacterial symbiosis in this photobioreactor configuration supported efficient
TOC, IC and TN removals. Interestingly, the intensity and regime of light supply along
with the DOC governed the extent of N-NH4* removal by microalgae assimilation or
nitrification-denitrification as a result of a competition between microalgae and
nitrifying bacteria for IC. On the other hand, the implementation of a settled biomass
recycling strategy resulted in the enrichment of algal-bacterial flocs with a good
sedimentation capacity, which supported effluent TSS concentrations below the EU
maximum discharge limits. In addition, this sedimentation enhancement strategy can
increase the sustainability of microalgae-based WWT by supporting a cost-effective
harvesting and valorization of the algal-bacterial biomass generated during WWT,

which can be further used as a feedstock for bioenergy production.

Another strategy to enhance nutrient removal in wastewaters with a low C/N ratio is

based on the additional supply of CO: to the process. In this context, the CO: contained
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in the biogas obtained through AD can provide the additional C source required to

boost nutrient removal by photosynthetic microalgal assimilation. In addition, this CO:
sequestration simultaneously supports biogas upgrading towards biomethane, which
would allow its injection into natural gas grids or its use as vehicle fuel. Chapter 5 was
focused on the evaluation of the performance and the removal mechanisms involved in
the simultaneous capture of CO: from a simulated biogas and treatment of diluted
centrates in an indoor 180-L HRAP interconnected to an absorption column. Despite
the low impinging irradiation used in the HRAP and the low liquid recirculation rate
from the HRAP to the absorption column resulted in a low biomass productivity of 2.2
g/m?d and a 55% of C-CO: biogas removal, the implementation of this technology
outdoors is expected to boost nutrient removal and biogas upgrading. In our particular
study, this 55% C-CO: removal from biogas entailed an increase of 19% in the biogas
energy content, which confirmed the potential of this combined wastewater treatment-
biogas upgrading process. Similarly to the results described in Chapter 4, IC
availability in the culture broth directly controlled the extent of nutrient removal via
assimilation. In this context, the low irradiation provided a competitive advantage to
nitrifying bacteria over microalgae (only 14% of the nitrogen input was converted to
Nbiomass), nitrification being the main NHs* removal mechanism with a 47% of the N-
NHs* input transformed into N-NOs. A luxury uptake of P mediated by a light
limitation was hypothesized based on the high P biomass content (2.5%), which
resulted in a P-PO4? removal as biomass of 77%. Therefore, the light intensity in the
HRAP and the biogas residence time in the absorption column were identified as key
parameters during simultaneous microalgae-based biogas upgrading and WWT. The
fact that the CO: present in the biogas could be used as a C source to boost the removal
of residual N and P in AD effluents via biomass assimilation entails an added
environmental benefit to the process in term of biomitigation of the eutrophication
potential of these high-strength wastewaters. In addition, unlike conventional
physical/chemical biogas upgrading technologies, photosynthetic biogas upgrading
allows the valorization of this CO: in the form of a valuable algal biomass, which could
be further used as a feedstock for the subsequent energy production as biogas or as

biofertilizer.
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In this context, an evaluation of the mass and energy balances in the integrated
microalgae growth-anaerobic digestion process was conducted in Chapter 6 in order to
quantify the potential energy recovery via anaerobic digestion of the biomass
harvested during WWT. The results obtained in Chapter 6 suggested that the extent of
biomass hydrolysis and biogas composition were not influenced by the previous
microalgae cultivation mode (photoautotrophic or mixotrophic). The CH4 contained in
the biogas represented an energy recovery of up to 50% of the chemical energy fixed as
biomass during microalgae cultivation, which demonstrated the potential of anaerobic
digestion as a cost-effective route for valorization of microalgae in terms of energy

production.

Finally, the quantification of N2O emissions in two different algal-bacterial WWT
systems, a HRAP (Chapter 7) and an anoxic-aerobic photobioreactor (Chapter 4), was
conducted in order to assess the impact of algal-bacterial N2O emissions on a net
greenhouse gas mass balance. A 24-hr average emission factor of 4.7 x 10° g N-N20/g
N-input was recorded from HRAP cultures sampled under a typical N-loading of 7.1 g
N/m3reactorrd. Likewise, the quantification of N2O emissions from the algal-bacterial
nitrification-denitrification photobioreactor showed an average N2O emission factor of
5.2 x 10° g N-N20/g N-input at a N-loading of 50 g N/m®wactorrd. The N20O emission
factors obtained in both studies were significantly lower than the IPCC emission
factors reported for conventional activated sludge WWTPs, which suggested that N2O
emissions during microalgae-based WWT should not compromise the environmental

sustainability of WWT in terms of global warming impact.

Despite the advances carried out in this thesis towards the widespread implementation
of algal-bacterial processes for WWT, the scale up and outdoors evaluation of the
processes developed constitute niches for future research. In addition, the
quantification of N20 emissions during the full-scale implementation of the
photobioreactor configurations tested will be mandatory in order to confirm the
environmental sustainability of algal-bacterial WWT processes in a real scenario. Based
on the results here obtained, future lines of research in the field of microalgae-based

WWT should focus on:
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The elucidation of the role of the regime and intensity of solar radiation on the
inhibition of nitrifying activity can bring new insights on their influence on the
performance and robustness of NHa" nitrification, which is especially relevant in
the treatment of wastewaters with a low C/N ratio. Likewise, further research on
the influence of light intensity and IC supply on the extent of N-NHa4* removal by
microalgae assimilation or nitrification-denitrification is needed in order to find
the best operational conditions to maintain an equilibrium between microalgae
and nitrifying bacteria activity. This is especially critical when the supply of
external C-CO: to support a complete nutrient removal via microalgal assimilation
is not technical or economically feasible given the current interest in outdoors
algal-bacterial WWT photobioreactors.

The study of the impact of CO: sparging on the performance of the anoxic-aerobic
photobioreactor configuration based on the results obtained in Chapter 4.

The elucidation of the role of environmental factors such as light intensity and
temperature on microalgae P luxury uptake should be further assessed in order to
exploit this promising metabolic route to improve biological P removal in
outdoors algal-bacterial WWT photobioreactors.

A continuous sustainability evaluation of N2O emissions from outdoors algal-
bacterial WWT technologies should be conducted to collect consistent N2O
emissions data from pilot-scale facilities under different WWT scenarios in order
to identify the main metabolic pathways responsible of N2O emissions in algal-
bacterial WWT technologies. For instance, innovative operational strategies
designed to avoid NHs* or NO2 accumulation in the cultivation broth are required
to develop a sustainable industrial-scale microalgae-based WWT technology.

The integration of algal-bacterial processes in conventional WWTPs in order to
enhance the sustainability of the WWT in this XXI century in terms of energy
consumption and CO: and nutrient management based on the promising results

obtained in Chapter 6.
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